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LADY HUGGINS 
By SARAH F. WHITING 

Died on March 24, at 8 More’s Garden, Chelsea, England, after a long 
illness, Margaret Lindsay, widow of Sir William Huggins, in her sixty-seventh 
year. 

The achievements of the Victorian age were all passed in review 
in 1897, the year of Queen Victoria’s Diamond Jubilee. In the 
columns of the London papers was a long list of men whom the’ 
Queen delighted to honor, among them but a scant number from 
the ranks of science, and but one woman even remotely mentioned, 
and that one Margaret Lindsay Huggins. 

Knighthood of the Order of the Bath was conferred upon William 
Huggins “for the great contributions which, with the collaboration 
of his gifted wife, he had made to the new science of astro-physics.”’ 
So it may be said that the wife became Lady Huggins in her own 
right. 

Dr. Huggins was born for research, and under him, as he 
remarked himself, ‘the astronomical observatory for the first time 
had also become a laboratory, and the spectroscope attached to the 
telescope had shown that the chemistry of the solar system pre- 
vailed wherever a star twinkled.” For thirteen years Dr. Huggins 
worked alone, mapping lines of stars by night and of the elements 
by day. 
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Meantime, with no aid from the schools, because, as Lady 
Huggins afterward said, “intellectual justice was denied to women,” 
a colaborer was being prepared. Margaret Lindsay Murray, of 
Dublin, was as a child a lover of the stars. In her early teens she 
mapped sun-spots with a little telescope of her own construction. 
Fascinated by certain unsigned articles on the spectrum in a maga- 
zine, she made for herself a little spectroscope, and to her joy saw 
the dark lines in the solar spectrum. She also took up photography 
and had attained considerable skill when a happy fate brought to 
her acquaintance the unknown author of the inspiring articles, and 
in 1875 she became the wife of Dr. Huggins. 

Lady Huggins was possessed of the same characteristics as her 
husband. Both were full of enthusiasm and yet displayed gool 
judgment; both were patient, conscientious, exact, wii 
Henceforth her fine qualities of sight and mind were devoted to 
furthering her husband’s investigations into the chemistry and 
physics of the heavenly bodies. 

An eighteen-inch reflector and fifteen-inch refractor had been 
purchased by the Royal Society and loaned to the Tulse Hill 
Observatory. In 1876 the dry-plate process was brought to Dr. 
Huggins’ notice, the telescopes were fitted with photographic plates, 
and the pair began their pioneer work in photographing the spectra 
of celestial objects. 

The period from 1876 to 1882 was spent in work on the planets to 
gain experience. Then the eighteen-inch reflector was fitted with 
two prisms of Iceland spar and Lady Huggins worked with skill 
guiding the telescope for the long-exposure photographs of the 
ultra-violet spectra of the stars. She was also most successful in 
manipulating the plates. 

Papers were constantly given out from the Tulse Hill Observa- 
tory. Lady Huggins’ name appears as joint author of the following: 
“The Photographic Spectra of Uranus, Saturn, and Mars’’; ‘‘On 
the Spectrum, Visible and Photographic, of the Great Nebula in 
Orion’”’; “‘Spectra of Wolf-Rayet Stars in Cygnus”; “Lines in the 
Photographed Spectrum of Sirius’’; “‘Studies of the Spectrum of 
Nova Aurigae”’; “Laboratory Studies of the Spectra of Calcium 
and Magnesium under Different Conditions”; “Spectrum of 
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Radium,” etc. Meantime the work for the Ailas of Representative 
Stellar Spectra was kept up until this came out in 1899, with its dis- 
cussion of the evolution of the stars and its majestic sequence of 
spectra arranged with the lines of hydrogen and calcium as guides. 

To the perfection of detail of this monumental work, both 
scientifically and aesthetically, Lady Huggins made large contri- 
butions. 

In 1909 appeared the Scientific Papers, under the joint editorship 
of Sir William and Lady Huggins, and in 1906, also edited by her, The 
Royal Society, a reprint of Sir William’s addresses given during the 
five years of his presidency of the Royal Society, with history and 
illustrations. The three books just mentioned were in contents 
and finish such fine specimens of book-making that the life of 
Sir William upon which she was engaged was justly awaited with 
anticipation. Her untimely death has interrupted this task, but 
it is to be hoped that it will be put into the hands of a worthy 
literary executor. 

Many American astronomers can testify that Lady Huggins was 
not only a scientist but a most gracious and hospitable home- 
maker. She was mistress of many so-called accomplishments, and 
possessed much accurate knowledge of art and antiquities, as was . 
witnessed by her brochure on the Astrolabe and articles in the 
Encyclopaedia Britannica and various archaeological journals. 

She was, together with her friend Miss Agnes Clerke, whose life 
she wrote, made an honorary member of the Royal Astronomical 
Society in 1903. Her genius for friendship was attested by the 
motto with which she was accustomed to head her letters “ Dieu — 
et mes amis.’”’ An intimate friend writes: “Her loss is keenly felt 
by many and in many ways.” 

WHITIN OBSERVATORY 

Wellesley College 
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INTRODUCTION 


During recent years a number of papers have been published 
describing the absorption spectra of organic compounds, and the 
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majority of these publications have dealt with the constitution of 
the compounds, the assumption being made that there exists a 
definite correlation between the primary structure of a molecule and 
the type of absorption which it exerts. Perhaps the most striking 
papers that have been published on this subject are those by 
Hantzsch, who has established the existence of numbers of series 
of differently colored salts from colorless acids or bases. To each 
differently colored salt he attributed a different formula. Now 
recent investigations in these laboratories into the problem of light- 
absorption by organic compounds by no means favor the view that 
there is any direct relation between absorption and constitution, if 
such relation is held to mean that, when a colored salt is obtained 
from a colorless acid or base, the parent substance has changed 
its constitution in the salt. The principal outcome of this work is 
the establishment of a definite relation, not between primary struc- 
ture and absorption, but between absorption and chemical reactiv- 
ity. The evidence obtained is so strong that it is necessary to 
formulate a new theory to account for the new phenomena, a theory 
which at the same time must explain all those experimental facts 
that appear to support the absorption-structure relation. 

It is somewhat surprising that in all the work that has appeared | 
dealing with the absorption spectra of organic compounds in rela- 
tion to their structure no notice has been taken of the absorption 
exerted by these compounds in the infra-red region of the spectrum. 
There is at hand a series of most accurate measurements of the 
absorption of organic compounds in the infra-red, made by Coblentz 
and others, and it is impossible to doubt that there must exist an 
intimate relation between the absorption bands as exhibited by a 
given compound throughout the whole spectrum from extreme 
ultra-violet to extreme infra-red. In spite of this no attention has 
been paid to infra-red absorption, and it has been attempted entirely 
to decide the constitution from arguments based on absorption 
in the ultra-violet and visible regions alone. 

It is proposed in the present paper in the first place to formulate 
a theory of light-absorption, fluorescence, and phosphorescence, and 
to show how intimate is the connection between these and chemical 
reactivity. In the second place it is proposed to apply the energy- 
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quantum theory to absorption, fluorescence, and phosphorescence 
throughout the whole spectrum, and to show how it is possible to 
calculate the wave-lengths of the lines of any absorption-band 
group in the ultra-violet or visible regions from the wave-lengths 
of the absorption bands in the infra-red. 


PARTI. AN ELECTROMAGNETIC FORCE FIELD THEORY OF ABSORPTION 


1. The existence of molecular force fields and a theory of chemical 
reaction and reactivity—It was shown by Humphreys’ that the 
phenomena of the Zeeman effect and the pressure-shift of spectrum 
lines can be explained by the existence of electromagnetic force 
fields surrounding the atoms. Although so marked a success has 
attended the application of these fields to the phenomena above 
noted, their influence upon the properties of molecules has not been 
considered. It would seem, indeed, that in the existence of molec- 
ular force fields we can find the explanation of the phenomena of 
absorption and fluorescence such as is exerted by compound 
substances. 

Clearly these atomic fields must possess a polar factor as well as 
a quantity factor, and if the general case be considered of a mole- 
cule composed of several atoms of different elements, it is evident 
that the free and independent existence of the several force fields 
must represent a metastable condition. A certain amount of con- 
densation must occur between the force lines of the separate fields 
with the escape of energy and the establishment of a molecular force 
field. There is little doubt that the properties of any molecule will 
depend upon its force field. It is not proposed here to enter into 
a full discussion of how the chemical properties of molecules are 
determined by their force fields, but it is necessary very briefly 
to refer to this side of the problem for the proper understanding of 
what follows. 

If two elementary atoms of opposite type are brought together, 
their respective force fields will condense together with the forma- 
tion of a molecular field, and within this field there will exist a 
potential gradient. If this potential gradient be sufficiently steep, 
one or more electrons will tend to move from one atom to the other, 


* Astrophysical Journal, 23, 233, 1906. 
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with the result that a true compound of the two elements will be 
formed. Similarly, when two molecules of different types are 
brought together, their force fields will tend to condense with the 
formation of an addition complex. If the potential gradients within 
this complex be steep enough, there will ensue a rearrangement of 
electrons and the formation of new chemical individuals. In other 
words, a chemical reaction will take place, but if the gradients be 
not sufficiently steep, the addition complex first formed will remain 
as such. We are therefore enabled to recognize a complete grada- 
tion between the condition when a chemical reaction occurs between 
two molecules and the condition when, owing to their force fields 
being exactly the same, the molecules have no mutual action what- 
soever. This recognition of mutual influence between two mole- 
cules when no specific chemical reaction occurs is of great 
importance both in pure chemistry and in the phenomena of 
light absorption. 

Now when the condensing together of the force lines of the 
several atomic force fields within a given molecule takes place, it 
is possible that owing to the relation between the numbers of the 
force lines the resulting molecular force field may be entirely closed. 
In such a case the reactivity of the molecule will be nil. On the 
other hand, there may be left over, after the maximum possibile 
condensation has taken place, an uncompensated balance of force 
lines. In this case the molecule will possess a definite and measur- 
able reactivity. This last condition is doubtless the explanation 
of that property known to chemists as residual affinity, while in the 
former condition is to be found the explanation of the want of reac- 
tion between such pairs of compounds as hydrogen chloride and 
ammonia when all moisture is absent. 

According to the present theory, therefore, the reactivity of all 
atoms and molecules is to be attributed to their electromagnetic 
fields. Chemical union between atoms, chemical reaction between 
molecules, are both due to these force fields, and primary valency 
would seem not to be the causa causans of such reactions, but to be 
a resultant effect. Valency in its stoichiometrical meaning is due 
to the interatomic rearrangement of the electrons when the poten- 
tial gradients within the addition complexes at first formed are 











8 E. C. C. BALY 


sufficiently steep and the electronic transference results in a smaller 
energy content of the product. The so-called residual affinity 
is the uncompensated residuum after the maximum possible con- 
densation of the force lines of the molecule has taken place. When 
this residuum is vanishingly small the molecule exhibits no evidences 
of chemical reactivity, but when, as is more usually the case, the 
residuum has a finite value the molecule does possess an observable 
and measurable reactivity. 

2. The opening up of the closed molecular force fields by the action 
of a solvent or of light. Theory of selective absorption.—It is evident 
from the foregoing that if the closed field of a molecule be opened 
or unlocked its reactivity will be enhanced. This unlocking may be 
brought about in one of two ways, namely, by the use of a substance 
possessing residual affinity or by the action of light. Ifa compound, 
the molecules of which possess closed fields, be dissolved in a solvent 
endowed with residual affinity, the free force lines of the solvent will 
interpenetrate the closed fields of the solute, with the result that 
these now will be opened and become capable of reacting with any 
other suitable substance dissolved in the same solvent. Clearly, 
however, the case is a perfectly general one. The tendency of 
molecules possessing residual affinity will always be to open up the 
closed fields of other molecules when the two molecular types are 
brought together, whether an actual solution is formed or not. 
When the two molecular types are brought together a certain pro- 
portion of the closed fields will be opened up and an equilibrium 
will be set up between the opened-up and non-opened-up molecules. 
Upon this equilibrium the reactivity of the system will depend. 

The second method of opening up the closed fields is by the 
influence of light. Due as they are in the first place to the rotation 
of the electrons of the constituent atoms, it follows that the force 
fields must be capable of absorbing those rays of light which have 
the same frequency as that of the electrons. The light in being 
absorbed does work upon the closed fields and opens them, and this 
at once gives a rational explanation of the selective absorption of the 
light. When a solution of a compound selectively absorbs light 
the equilibrium previously existent between opened-up and non- 
opened-up molecules is shifted toward the opened-up or reactive 
side, a new photodynamic equilibrium being established. In 





2 ee ae cme 








2+ erm 2 oe wae 


ABSORPTION, FLUORESCENCE, AND PHOSPHORESCENCE 9 


passing, it may be noted that this affords an explanation of all the 
phenomena of photocatalysis. 

It may perhaps be pointed out that the absorption here referred 
to, and attributed to the selective absorption of light by the molec- 
ular force fields, differs from the fine-line absorption such as is 
shown by the halogen elements, chlorine, bromine, and iodine, and 
is no doubt due to the direct action of the electrons themselves. 
Each of those elements, in addition to their fine-line absorption, 
also exhibits a broad absorption band in the extreme ultra-violet, 
and it is this latter which is attributed to the molecular fields. The 
present theory does not deal with the absorption due to the electrons 
in their independent action but only with that which is due to the 
force fields arising from the electronic rotations. That there must 
be some connection between the two types of absorption seems to be 
obvious, but at the present time sufficient is not known of both 
phenomena as exhibited by the same compound to establish the 
relationship between the two. : 

3. The opening up of a complex field must take place in stages, 
each stage being differentiated by its power of absorbing definite rays 
of light——The mechanism of the opening up of a closed force field 
may now be dealt with in greater detail. The general statement 
has been made that a given closed field may be opened up by the 
influence of a solvent or of light, the action of the light being evi- 
denced by the selective absorption of definite rays. If the case be 
considered of a complex molecule, it is clear that the force field 
of that molecule must be complex. There must exist in such a 
complex field a network of potential gradients, and the influence 
of a solvent in opening up such a field will depend upon the nature 
of that solvent. It would be expected that the influence of a solvent 
on a complex field would be progressive and that it would attack 
various portions of the field in turn. It indeed follows that the 
opening up of a complex field must take place in definite stages, the 
number of such stages depending on the complexity of the field. 
The free vibration periods of the electrons will depend on the distri- 
bution of the force lines within the force field, and as the field is 
opened up different vibration periods will become active. Hence 
each stage in the opening up of a given force field will be character- 
ized by its power of absorbing definite light rays and may be 
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differentiated in this way, since the light rays selectively absorbed by 
the various stages will be different. The number of possible stages 
will depend upon the complexity of the field and these stages in turn 
may be called into play by the use of suitable solvents. Very typi- 
cal examples of compounds that are opened in stages are the 8-naph- 
thalene derivatives which as a rule in alcoholic solution show three 
absorption-band groups. Three stages in the opening up of the 
force fields must therefore coexist in this solvent, each one char- 
acterized by its power of absorbing definite light rays. In 
concentrated sulphuric acid solution, on the other hand, the 
absorption spectra of these compounds are very different, since 
other stages are called into play, but usually one of these stages 
at least is common to the two solvents. 

Each stage marks a step in the opening up of a given force field 
and is a function of a given molecule with a definite primary struc- 
ture. It may be seen at once that this view entirely removes the 
necessity of postulating a change of primary structure for every 
variation of absorption evidenced by a given substance with change 
of solvent. Quite apart from the horrible complexity which is 
introduced into chemistry by the structure-absorption ccrrelation 
theory, the view now put forward rests on a scientific basis, which 
is more than can be claimed for the older notion. Again, in one 
of his more recent papers Hantzsch' is constrained to confess that 
in at least one case there are not enough different structural 
formulae to go round, so numerous are the different absorption- 
curves obtained from one parent substance with different solvents. 

Mention was made above of the preparation by Hantzsch? 
of several differently colored salts from one single colorless 
acid or base. He found, for example, that the lithium, sodium, 
potassium, rubidium, and caesium salts of dimethylvioluric acid 


CH, C,H, 
| O YO 
Ak and diphenylvio- PR-h 
O=C C=NOH , oy O=C C= NOH 
An-c¢ luric acid \n-cZ% 
S SS 
| O O 
CH, CoH; 


* Berichte, 43, 1662, 1910. 
2 Hantzsch and Robison, Berichte, 34, 45, 1910. 
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vary in color from yellow to blue as the electropositivity of the 
metal is increased in the salt. The two parent acids are colorless, but 
owing to their complexity of structure the force fields will be opened 
in several stages. Manifestly, since the closed field is acid in type, 
the most suitable substance to open it will be basic in type, and the 
more basic or electropositive this substance is the higher the stage 
to which the force field is opened and the longer the wave-length of 
light that will selectively be absorbed. The series of metals lithium, 
sodium, potassium, rubidium, and caesium increases in electroposi- 
tivity with increase in atomic weight, and it follows that the closed 
field of the parent acid will be opened to increasingly higher stages 
as the atomic weight of the metal in the salt is increased. The color 
of the salt will therefore change from yellow through red to blue, 
since the wave-length of the light selectively absorbed will increase 
as the higher stages are called into play by the increasing electro- 
positivity of the metal. All the stages in the opening up of a given 
force field are functions of one primary structure, and thus the 
present theory readily accounts for the many-hued salts of one 
colorless acid or base without postulating any change in that 
primary structure. Similar arguments may be shown to apply to 
all the results obtained by Hantzsch, but there is no need — 
fically to deal with these here. 

4. The stages in the opening up of a complex molecular force field 
proved by the existence of intermediate states in chemical reactions.— 
It follows from the preceding general statement of the theory that it 
is possible to put it to experimental test in a most rigid way. Cer- 
tain obvious deductions may be drawn which should be capable of 
clear experimental proof, and it may be said at once that the experi- 
mental results afford striking support to the theory. 

From the chemical point of view the theory established the fact 
that before any molecule with a closed force field can enter into 
any reaction it is necessary that its force field be opened up. Again, 
before a molecule can take part in a specific reaction it is probable 
that a certain particular stage in the opening of its force fields must 
be reached. Since such stage will be characterized by its absorptive 
power, it should be possible to follow the course of the reaction with 
the spectroscope. 
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Some years ago Miss Marsden (Mrs. Solomon) and I investi- 
gated the absorption spectra of certain aromatic aminoaldehydes 
and aminoketones.' In alcoholic solution each of these compounds 
exhibits a well-marked absorption band in the ultra-violet. The 
addition of a trace of an alcoholic solution of hydrogen chloride 
to any one of these solutions causes the development of a yellow 
or red color which disappears on the further addition of acid. 
This color is due to the appearance of a new absorption band at 
longer wave-lengths than those shown by the parent compounds. 
On the addition of the excess of acid the absorption changes to that 
of the hydrochloride of the base, which somewhat resembles the 
absorption of the free base itself. A typical set of absorption- 
curves is shown in Fig. 1, and they represent the absorption of 
fou — CH. 
\cH=CH 
curve shows the absorption exerted by the aldehyde in alcoholic 
solution, the dotted curve shows the new absorption band developed 
in the presence of a trace of alcoholic hydrogen chloride, while the 
dot-and-dash curve expresses the absorption of the hydrochloride. 
The curves mark the limits of total absorption at the various con- 
centrations. 

It is clear that the conversion of the amino compounds into their 
hydrochlorides is not simply an addition reaction; that is to say, 
the reaction is not simply to be expressed by the equation 


p-aminobenzaldehyde NH,—C C-—CHO. The full 


H H H H 
c-—C c-, 
H.N—C¢ Sc-—CHO+HCI=CIH,N —C?¢ SC—CHO. 
\c=cZ% \c=cZ% 
H H H 


There is no doubt that it is not the amino compound as it exists 
in alcoholic solution which forms the salt, but that the first quantity 
of acid added converts the base into an intermediate form and that 
it is this intermediate form which reacts with more acid to form the 
salt. These results both extend our knowledge of chemical reac- 
tion in that they undoubtedly establish the existence of a hitherto 
unrecognized intermediate stage, and they also afford strong sup- 


* Chemical Society Transactions, 93, 2108, 1908. 








Logarithms of thicknesses in mm of N/10,000 solution 
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port to the force-field theory, since it was exactly this phenomenon 


which was shown above to be foretold by the theory. 


The curves given in Fig. 1 make it-clear that the entire amino 
base is not converted into the intermediate and reactive form 
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Fic. 1.—p-Aminobenzaldehyde 


— In alcohol 
------ In alcohol + ;'5 eq. HCl 
—-—- In alcohol + excess of HCl 


when the trace of acid is added. This is due to the fact that as 
the quantity of acid present is slowly increased some of the 
intermediate stage forms the salt,°-and at no concentration of 
acid is it possible to obtain the entire base in the reactive 
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form without any of the salt being formed. In order to 
obtain all the reacting molecules in the opened-up or reactive 
form, it is necessary to deal with some reaction the velocity of 
which is much slower. Such a reaction was found in the sulphona- 
tion of certain aromatic compounds.’ This reaction in the case of 
p-nitroanisole, for example, is chemically expressed by the equation 


H H H  SOH 
O.N—Cé DC— OCH, +H.S0,=0.N—C 4G “SC-—OCH,+H.0, 
\c=c \c=cZ% 
H H H H 


but according to the force-field theory the parent substance must 
pass through an intermediate stage in which its closed force field is 
opened to some stage higher than that in which it exists in alcoholic 
solution. If the stage characteristic of the alcoholic solution were 
sufficiently reactive to give the sulphonic acid, it is obvious that this 
acid would be formed when an equivalent amount of sulphuric acid is 
added to that solution. No reaction, however, takes place under 
those conditions, and in order to form the sulphonic acid it is neces- 
sary to dissolve the parent compound in concentrated sulphuric acid, 
when the sulphonation very slowly takes place. Hence it was to 
be expected that in solution in concentrated sulphuric acid the force 
fields would be found to be opened to a higher and more reactive 
stage. This expectation was fully realized, as may be seen from 
the absorption-curves shown in Fig. 2, where the full curve is that 
of the alcoholic solution, the dotted curve that of the strong sul- 
phuric acid solution, and the dot-and-dash curve that of the sul- 
phonic acid obtained by allowing the acid solution to stand for some 
hours in a warm place. It is perhaps worth mentioning that if 
the sulphuric acid solution, immediately after preparation, were 
poured upon ice the parent substance was recovered in a pure state. 
After the solution had stood a short time the reaction began to 
take place and its course could be followed throughout with a spec- 
troscope, for the absorption at first shown by the dotted curve 
in Fig. 2 slowly changed into that shown by the dot-and-dash 
curve. 


* Baly and Rice, Chemical Society Transactions, 101, 1475, 1912. 
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Many compounds were examined in the same way and similar 
results were obtained in every case. There is thus no doubt that 
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° Fic. 2.—-Nitroanisole 

— — In alcohol 

------ In concentrated sulphuric acid 

—--—- In concentrated sulphuric acid after standing for some hours 


there is established without question the existence of an inter- 


mediate stage in a chemicg] reaction such as was deduced from the 
force-field theory. 
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5. Application of the theory to the explanation of the variation 
from Beer’s law.—A second method of experimental verification 
of the theory can be found in the measurement of the absorptive 
power of a solution and its variation with concentration. As 
already pointed out, when a compound exists in solution there is an 
equilibrium set up between the opened-up and non-opened-up 
molecules of the solute. Such a solution exerts a definite selective 
absorptive power, a new photodynamic equilibrium being set up. 
As regards the equilibrium in solution, the position of this may de- 
pend on the concentration of the solution. Since any alteration 
in this equilibrium will undoubtedly entail a change in the absorp- 
tive power, we have an explanation of the variation that is so fre- 
quently observed from Beer’s law. The actual variation to be 
demanded by the force-field theory is as follows. The ideal case 
may be considered of a liquid substance and a diactinic solvent, 
the substance and the solvent must be miscible in all proportions, 
and, further, on continued dilution of the solution the dark equilib- 
rium must progressively shift toward the reactive side until finally 
all the solute molecules are opened up. In such an ideal case the 
molecular absorptive power of the pure liquid will be relatively 
small since the fields will be more or less closed, so that the light 
cannot do much work on them. In the presence of a small quantity 
of the solvent the force fields of a few molecules will be opened 
up, and, since the light can now do more work on the system, the 
molecular absorptive power will be increased up to a maximum, 
i.e., when the light can do the maximum amount of work on the 
system. Further dilution will then cause a decrease in the absorp- 
tive power which, when all the force fields have been opened up, 
will fall to zero. 

It has not as yet been found possible entirely to realize these 
ideal conditions, which are very nearly realized with ethyl aceto- 
acetate, but two solvents, alcohol and water, are necessary." In 
Tables I and II are given the absorptive powers of various molec- 
ular concentrations of ethyl acetoacetate in alcohol and in water, 
expressed in terms of the thicknesses of the layers which exert 
equal absorptive powers. In the first column is shown the 


* Baly and Rice, Chemica! Society Transactions, 103, 91, 1913. 
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“normality” of the solution, that is to say, the concentration 
expressed as the number of gram-molecules dissolved in one liter. 
The first observation, with normality 7.923, refers to the pure liquid 
ester itself. The second column gives the observed thicknesses 
which exhibit equal absorptive powers, while the third column shows 











the calculated thicknesses based on the weaker solutions. As may 
TABLE I 
ETHYL ACETOACETATE AND ALCOHOL 
ms | ( 4 ahs 1 Diff b 
oe “alculatec | difference 
Normality Observed Thickness Obs.— Calc. 

Thickness a b a 
7.293 0.016 0.001893 | ©.O15107 7.4 
5.0. 0.020 0.003 0.017 §.7 
2.0 0.028 0.0075 ©.0205 2.9 
1.0 0.037 0.015 0.022 ts 
OS eer ares ee 0.05 0.03 0.02 0.67 
RSS es day hts are 9 ys 0.15 0.15 ° ° 
Sas citih atu y oe 0.3 0.3 ° ° 
NS, iid oct emee 3.0 3.0 ° ° 
SP eee 6.0 6.0 ° ° 
Se ee ee 12.0 12.0 ° ° 
Ne 0 cl ente aid 15.0 15.0 ° ° 
re eee 30.0 30.0 ° ° 

TABLE II 
EtHyYL ACETOACETATE AND WATER 
Observed Calculated Difference b 
Normality Thickness bina naees Obs.=€ alc. a 

- Serer, aero 6 6 ° ° 
OO PR 12 12 ° ° 
ree 25 30 — 5 —0.17 
Se 120 150 — 30 —0.2 
ee, Swi aaieee a Selective ab- 

sorption 

ceased 





be seen in the case of alcohol as the solvent, the molecular absorp- 
tive power decreases as the concentration rises and is a minimum 
with the pure ester. In the case of water as the solvent, the absorp- 
tive power begins to decrease with dilution until finally the select- 
The reasons why one single solvent 
Although alcohol 


ive absorption vanishes. 
could not be used throughout were twofold. 
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and the ester are miscible in all proportions, the former is not 
sufficiently diactinic to allow the use of thicknesses greater than 
about 30 mm. On the other hand, although water is completely 
diactinic up to long lengths, it is not miscible in all proportions 
with the ester. 

The results of the observations, however, as far as they go, 
agree exactly with the deductions from the theory; namely, in 
passing from a pure substance through gradual decrease in concen- 
tration to dilute solution in a diactinic solvent, the absorptive power 
at first rises to a maximum and then falls to zero. Asa more general 
rule the variation from Beer’s law is not exactly of the same type 
as that shown by ethyl acetoacetate. In most cases the molecular 
absorptive power increases with dilution up to a maximum after 
which it remains constant. This type of variation is due to the 
fact that the equilibrium between opened-up and non-opened-up 
molecules shifts toward the reactive side with decrease in concen- 
tration until it becomes constant, further dilution having no effect. 
A typical example of this variation is shown by pyridine with 
water as the solvent (Table III). As can be seen, the molecular 


TABLE III 


PYRIDINE AND WATER 





Calculatec Difference b 

Normality Soave’ Thickness Obs.— Cale. 
ON res 0.010 0.00004 9.00930 14.7 
ca een tis one avec 0.OII 0.0008 0.0102 53.7 
aly a acces. 9 3.6 6% 0.013 ©.OO114 0.01186 10.4 
RA ree 0.014 0.0016 0.0124 » Be 
8 ae 0.015 0.002 0.130 6.5 
ee ee ree 0.019 ©.004 0.015 ee 
Dewars cke sew hs 0.024 0.008 0.016 2.0 
ER eer 0.067 0.04 ©.027 0.67 

BS iid aie Wea s eid s ©.000 ©.40 ° ° 

RE, a ae ee 4.0 4.0 ° ° 

es kG e wee ees 40.0 40.0 ° ° 

°. ° ° 





absorptive power starts from a minimum with the pure base 
(12.4 N) and increases until a concentration of 0.02 N is reached, 
when it becomes constant. 
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6. Application of the theory to fluorescence and phosphorescence 
and the experimental proof.—The bearing of the force-field theory 
on fluorescence and phosphorescence may now be considered. It 
is perhaps not out of place to state the relation that these phenom- 
ena bear toward absorption. Speaking generally, no substance 
can exhibit luminescence unless it is undergoing chemical change 
or unless it has at some previous time absorbed energy. The first 
alternative embraces the type of phenomena known as chemi- 
luminescence and refers to those cases where the energy evolution 
accompanies a chemical change. Although the wave-length of 
such emitted energy in all probability is characteristic of the sub- 
stances concerned and therefore is to be explained by the present 
theory, this cannot be entered into here. The second alternative 
includes all those cases in which the emission is preceded by an 
absorption of energy. There are two distinct processes contribut- 
ing to the phenomenon, namely the absorption and the emission. 
There is no reason apparent why the velocity of these two should 
be connected, for the relation between the velocities must depend 
upon the active substance and the external conditions under which 
it exists. If the velocity of emission is equal to the velocity of 
absorption, then the phenomenon will be one of fluorescence, since 
the emission will not persist after the exciting cause has been 
removed. If the velocity of emission is slower than that of the 
absorption, the luminescence manifestly will persist after the excit- 
ing cause has been removed, and phosphorescence will be observed. 
Again, it is possible that owing to the molecular conditions of the 
active substance the velocity of emission will become vanishingly 
small. Under these circumstances the absorbed energy will remain 
stored up in the substance for an indefinite period, or until such time 
as it is released by special methods. Two such methods are 
known, one of which is friction and the other is the action of heat. 
Both are familiar enough and are known as triboluminescence and 
thermoluminescence respectively. By vigorous friction or by rise 
of temperature the molecular conditions can be so altered as to 
cause the velocity of emission to reach a measurable value, with the 
result that the substance begins to luminesce. The condition in 
which the substance can exist without any leak of its store of 
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absorbed energy is a metastable one and the substance returns to 
its normal condition with the escape of all the absorbing energy 
when rubbed or heated. 

Fluorescence, phosphorescence, triboluminescence, and _ther- 
moluminescence may be looked upon as different manifestations of 
one phenomenon, namely the absorption of energy at one wave- 
length and the emission at another wave-length. For this reason 
they are all susceptible of the same explanation, and inasmuch as 
the force-field theory at once affords a solution of the problem of 
fluorescence, it may safely be assumed to do the same for the three 
sister phenomena. As a matter of experimental fact the measure- 
ment of the wave-lengths of the emission maxima of fluorescent 
organic compounds in solution is far more accurate than the 
measurement of the phosphorescent maxima of solid bodies and 
therefore it is more satisfactory to deal with fluorescence in the 
present condition. 

Doubts as to the validity of Stokes’s law have from time to 
time been raised by some observers who have indeed categorically 
stated that under certain circumstances it is possible to obtain 
fluorescent emission of shorter wave-length than that of the exciting 
light. Such statements appear to arise from a misconception of 
Stokes’s law and are likely to be misleading. If the absorption- 
curve of any substance in solution be examined, it will always be 
found to be very broad, and similarly the emission-curve of fluores- 
cence is also very broad. In very many cases the fluorescent and 
absorption-curves overlap. The simplest interpretation (which 
indeed is proved in the second section of this paper) of the breadth 
of the absorption bands is that all the different wave-lengths lying 
within the band are connected with one and the same mechanism 
of absorption. Since the absorption of these wave-lengths gives 
rise to the fluorescence, it is a fair assumption to make that any 
one wave-length lying within the absorption band will excite the 
fluorescence. As the fluorescent band may extend into the region 
of the absorption band, it will naturally follow that, if the fluores- 
cence is excited by light of a wave-length lying at the extreme red 
side of the absorption band, some of the fluorescent light will have 
a shorter wave-length than that of the exciting light. Such over- 
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lapping cannot be taken as a contradiction of Stokes’s law, which 
surely refers only to the optical centers of the absorption and fluores- 
cence bands. 

Numerous measurements have been made of the wave-lengths 
of the fluorescence maxima of organic compounds with the view 
of finding the relation between them and those of the absorption 
bands, but it must be confessed that no great success has attended 
these investigations. Again, various theories have from time to 
time been put forward attempting to correlate fluorescence with 
some type of reversible chemical change. All such theories are 
open to the most grave objections which, however, need not be 
entered into here. 

As has already been stated, the molecular force-field theory 
leads to the conclusion that there must exist a number of definite 
stages in the opening up of any one complex field, each one of which 
is characterized by its power of absorbing light of definite wave- 
length. Consequently each stage represents a free vibration- 
period of the molecular system which, however, is latent as an 
absorber of light unless a suitable solvent is present. The question 
now arises, What becomes of the light energy which is absorbed ? 
Manifestly all of it must again be emitted and usually it is assumed 
to be emitted as heat. It is, however, only reasonable to assume 
that whatever be the vibration frequency of the emitted energy this 
frequency must be a characteristic vibration frequency of the 
absorbing system. When this vibration frequency lies in the infra- 
red, then of course the energy is emitted as invisible heat radiation. 
In certain cases, however, some of the energy is emitted in the 
ultra-violet or visible regions, when we have fluorescence. The 
vibration frequency of this fluorescent emission must also be char- 
acteristic of the molecular system, and, according to the force-field 
theory, must be characteristic of one of the stages in the opening 
up of the molecular force field. Fluorescence must therefore be 
due to the emission of light of a wave-length characteristic of a 
stage in the opening up of a closed field higher than that stage which 
is functioning as the absorber. We find on these lines a direct 
relation between absorption and emission in that they both arise 
from two stages in the opening up of one given molecular force field. 
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This explanation of fluorescence may very readily be put to 
experimental test, for, as already shown, it is possible by the use 
of suitable solvents to call into play many of the possible stages. 
It should be possible, therefore, by the use of one solvent to cause 
a substance to absorb light of the same wave-length as it emits when 
fluorescing in another solvent. For example, let the case be taken 
of a substance which in alcoholic solution absorbs light of wave- 
length A, and fluoresces with emission of light of wave-length ),. 
It should be possible by the use of another solvent to cause the sub- 
stance to absorb light of wave-length X,. This relation has been 
proved to exist in every case that has been examined. Many of the 
aminoaldehydes and aminoketones dealt with above show fluores- 
cence in alcoholic solution, and the wave-length of the light emitted 
is the same as that absorbed by these compounds when a trace of 
alcoholic hydrogen chloride is added to those solutions. Similarly 
the light absorbed by the aromatic phenol ethers referred to above 
extends over the same range of wave-lengths as does the fluores- 
cence emission of their alcoholic solution.?, Two instances may be 
quoted, one from each class of compound. 








: Fluorescent Band Absorption Band 

Subst lore: SOF 

Substance in Solvent 1 in Solvent 2 
o-Aminobenzaldehyde ...... 2020-2220 2000-2300 
ig fain Se PaaS ete 2220-3300 2220-3200 


These two examples are sufficient to show that the relation holds 
good and that the force-field theory gives a completely satisfactory 
explanation of fluorescence. 

The bearing of the deviation from Beer’s law upon the phenom- 
ena of phosphorescence may be noted. Certain facts are now 
known about phosphorescence; namely, that no pure substance 
will phosphoresce, that phosphorescence is essentially a property 
of diluted matter, and that there is an optimum of phosphorescence 


t Baly and Krulla, Chemical Society Transactions, 101, 1469, 1912. 

2 Baly and Rice, ibid., 101, 1475, 1912. 

3 Lenard and Klatt, Ann. der Phys., 15, 225, 425, 633, 1904; Urbain and Brun- 
inghaus, Ann. chim. et phys., 18, 293, 1909. 
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with a definite concentration of the phosphorogen in the diluent. 
This is a natural result of such a variation from Beer’s law as was 
described for ethyl acetoacetate in section 5. A pure non- 
phosphorescing solid exists with its force fields entirely closed, so 
that they do not selectively absorb the exciting radiation. On 
mixing the compound with a diluent the force field will be opened 
so that they can now absorb the exciting energy and hence phos- 
phorescence will ensue. Just as in the case of ethyl acetoacetate 
the absorptive power and hence the phosphorescent efficiency on 
increasing dilution reach a maximum and then fall off. The 
phenomena are therefore exactly those that the theory leads us 
to expect. 

In the present paper the application of the force-field theory 
to absorption and fluorescence only has been considered, very 
brief reference being made to the chemical side. It may perhaps 
be pointed out that the theory can be applied to the phenomena . 
of chemical reaction and reactivity with considerable success. 
Allotropy and isomerism on the one hand, catalysis and the 
mechanism of chemical reaction on the other, all seem readily to 
be explained by the theory, and an account of this will be found in 
other papers. Reference is made to this side of the general theory 
in order to emphasize the very intimate connection which is estab-’ 
lished between chemical properties and the phenomena of selective 
absorption of light and fluorescence. 


PART II. ABSORPTION, FLUORESCENCE, AND PHOSPHORESCENCE IN 
RELATION TO THE ENERGY-QUANTUM THEORY 


1. The existence of constant differences between the central fre- 
quencies of absorption bands, which equal the frequency of an absorp- 
tion band in the infra-red.—In the preceding section reference was 
made to the mechanism by means of which the light energy, pre- 
viously absorbed by a substance, escapes. There is little doubt 


' that in general the energy is emitted as infra-red radiation, but in 


certain cases some of the energy is emitted in the ultra-violet or 
visible regions when we have fluorescence or phosphorescence. 
Whatever may be the frequency of the emitted energy, there can 
be no doubt that this frequency must be a characteristic vibration 
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frequency of the absorbing system. Very little attention seems to 
have been paid to the destiny of the absorbed energy, the somewhat 
vague idea apparently being held that it escapes as black-body 
radiation. Such a notion does not seem to be tenable and would 
lack a scientific basis, for surely radiation cannot in any case occur 
except at those frequencies which are characteristic of the absorb- 
ing systems. Again it must also be accepted, unless a definite 
chemical change in state is induced by the absorbed energy—that 
is to say, unless new stable substances are formed with different 
energy contents—that the entire absorbed energy must be emitted 
again at one or more of the characteristic frequencies of the absorb- 
ing system. 

According to the energy-quantum theory, energy is absorbed 
and emitted in definite quanta, determined by the product hy, 
where / is the Planck constant and + is the oscillation frequency of 
the absorbed or emitted radiation. This is the old form of the 
theory, but recent work by Eucken and others entirely justifies 
the conclusion that both the emission and the absorption of energy 
take place in quanta. It follows, therefore, that for every quantum 
of energy absorbed at one frequency there must be emitted a whole 
number of quanta at a lower frequency. If v be the oscillation 
frequency of the absorbed energy, and », the frequency of the 
emitted energy in the infra-red, then we have 


hv=xhv,,, and v=2xv;, 


where x is some whole number. Clearly, therefore, the oscillation 
frequency of the absorbed energy must be a whole multiple of the 
oscillation frequency of the emitted energy. 

Now many substances exhibit several absorption-band groups, 
as already shown in the first part of this paper, each band corre- 
sponding to a stage in the opening up of the force field of the molec- 
ular system. The same relation must hold good for each of the 
absorption bands, and hence if », v2, v;, etc., be the oscillation fre- 
quencies of the centers of the absorption bands, we have 


Vij =Vz, XV2= YVy, V;=3V,, etC., 


where x, y, 3, etc., are-whole numbers. The oscillation frequencies 
of each absorption band shown by one substance must therefore 
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be some multiple of the frequency of the infra-red band, and the 
simplest case will be when the absorption-band frequencies are 
consecutive multiples of that of the infra-red band. 

Again, it has already been shown that a fluorescence or phos- 
phorescence maximum arises from a characteristic vibration fre- 
quency of the molecular system. The oscillation frequencies of 
fluorescence and phosphorescence bands must therefore also be 
multiples of the frequency of an infra-red band. The final con- 
clusion may be drawn that there must exist a constant difference 
between the central frequencies of the absorption and fluorescent 
bands of any one substance and that this constant difference must 
equal a vibration frequency in the infra-red which is characteristic 
of that substance. Since the simplest method of determining the 
characteristic vibration frequencies is by mapping the absorption 
spectrum, so we may say that the constant difference between con- 
secutive absorption, fluorescent, and phosphorescent bands in the 
ultra-violet or visible regions must equal the frequency of an absorp- 
tion band in the infra-red. 

In actual practice the relationship may not be quite so simple 
because consecutive multiples of the infra-red frequency may not 
always appear, as one or more of these may be latent. This of 
course does not in any way militate against the soundness of the 
argument. A very large number of compounds have been investi- 
gated in these laboratories and it may be stated that in every case 
examined, where more than two characteristic vibration frequencies 
are exhibited whether by absorption or fluorescence, the constant 
frequency relation holds good. The most striking examples are 
the 6-napthalene derivatives, which show as a rule three absorp- 
tion bands and also fluorescent maxima. In these compounds 
the constant frequencies are extraordinarily accurate when the 
optical centers of the bands are measured. Unfortunately, how- 
ever, nO measurements have been made of the infra-red absorption 
of these compounds and therefore the complete relation cannot be 
verified. 

There are, however, one or two compounds which exhibit several 
absorption bands and fluorescent maxima and for which the fre- 
quency of an infra-red band isknown. ‘Two may be selected from a 
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series still under investigation, namely phenol and m-cresol. In 
dealing with the frequencies it is very much simpler to use the 
reciprocals of the wave-lengths in place of the true oscillation 


, , , = ‘ 
frequencies, and in the following pages the values of are given 


to four significant figures. Phenol and m-cresol both show one 
absorption band and one fluorescence maximum in neutral alco- 
holic solution, and in alkaline solution they show two absorption 
bands and one fluorescent maximum. As none of the frequencies 
are the same there are five characteristic frequencies in each case. | 


The values of : for phenol are as follows: 


Neutral solution................ Fluorescence 3200 ' 
Absorption 3670 

Alkaline solution.......... .... Fluorescence 2890 
Absorption 3370 


Absorption 4170 


The extreme difference between the fluorescence maximum and 
the second absorption band of the alkaline solution is 4170—2890= 
1280=8X160. On this basis the maxima can be arranged as in 
Table IV, the constant frequency difference being taken as 160. 


TABLE IV 





PHENOL 
Calc. Obs. : 

I I Error 

A A 
RS a ee 2890 Fluorescence in alkaline solution ° 
er ti gies Hohe h eeent esha 
EO ne 3200 Fluorescence in neutral solution +10 ' 
EE ae epee 3370 Absorption in alkaline solution ° : 
ES Rea ere eee Beis 
RE a iniayiss 6 6:65<%p 3670 Absorption in neutral solution +20 
ARR rn Vo ee: 
RE io shea Picnics at ayes <a a 
SS tte dk os ore 4170 Absorption in alkaline solution ° 


Four of the possible frequencies are latent in the solvents used, but 
will very probably be observed when other solvents are employed. 
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Now according to the theory there should be an absorption band 
in the infra-red with a frequency of 160. Coblentz' has measured 
the infra-red absorption of phenol and finds a very strong band at 
\=6.25 uw, the reciprocal of which is 160. 


rt I ° ° 
The values of = obtained with m-cresol are as follows: 


Neutral solution................ Fluorescence 3100 
Absorption 3610 
Alkaline solution. .............. Fluorescence 2920 


Absorption 3440 
Absorption 4120 


On the basis of a constant difference of 170 Table V may be given. 


TABLE V 


m-CRESOL 








Cale Obs. 

I I Error 

A A 
2930..... ariad 2920 Fluorescence in alkaline solution +10 
S300... .. ad oro 3100 Fluorescence in neutral solution ° 
ee Pr ee eS ae 
3440.... ee 3440 Absorption in alkaline solution ° 
a ee a 3610 Absorption in neutral solution ° 
MN G5) oie ass rk eae RE ine re aay 
NR. Soon dic sum oh ee OE ee ' ae 
0 SERGI oe Sie sh 4120 Absorption in alkaline solution ° 


In the infra-red region there should be an absorption band with a 
wave-number of 170. Not being able to find any published 
measurements of the infra-red absorption of m-cresol, I have investi- 
gated the region about 3 with a rock-salt prism and a Hilger 
thermopile. There is a strong band at 2.94 the frequency of 
which is 340, and this band is clearly the first multiple of the fre- 
quency of a band which must exist at 5.88 uw with the frequency 
of 170. There is no doubt from these results that the relation 
foretold by the theory is amply confirmed. 

In order to guard against misconception it may be pointed out 
that when a substance fluoresces, the absorbed energy must be 
emitted both as fluorescent light and as infra-red radiation. If 


* Publications of the Carnegie Institution of Washington, No. 35, 1905. 
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V1, V2, Vv, are the frequencies of absorption, fluorescence, and infra- 
red radiation respectively, then the relation must hold that 


hv,=xhv,+yhv, , 


where x and y are whole numbers. 

There is another direction in which the present conception can 
be put to experimental test. It has been shown by Sellmeyer that 
the refractivities of substances can be connected with an absorp- 
tion band in the ultra-violet, the relation in its simplest form being 
given by 

N 
ia ’ 

where JN is a constant, » the oscillation frequency of the ultra- 
violet band, and » the oscillation frequency of the light for which 
a given value of the refractivity, w—1, is found. The value of 
v, is generally very large and lies beyond the working limit of a 
spectrograph in air and therefore the value has to be calculated 
from the refractivities for two different values of v. Recently 
Mr. and Mrs. Cuthbertson’ have published the refractivities of 
several gases for which the wave-lengths of the infra-red absorption 
bands are known. It should be possible to express these refrac- 
tivities very accurately by a Sellmeyer formula in which » is 
replaced by xv,, v; being the oscillation frequency of an infra-red 
band and x some whole number. I have found this to be the case 
with every gas examined by Mr. and Mrs. Cuthbertson, and the 
accuracy is shown by the two following instances. In these cal- 
culations the true oscillation frequencies have been used. 


HYDROGEN CHLORIDE 
dX (the mean of the two infra-red bands)=3.474u,? whence 
vz=8.636X10%. The value of x was found to be 38 and the fol- 


lowing formula was used: 
sls 4.6896 X 1077 
10769 X 1077 —v?’ 





where 10769 X 1077 = (38p,)?. 


t Phil. Trans., 213 A, 1, 1913. 
2 Eva von Bahr, Deutsch. phys. Gesell. Verh., 15, 1150, 1913. 
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TABLE VI 


VALUES OF (u—1)10% 





A Calc. Obs. Differences 
eres me oa es Si aie 44372 44375 —3 
MES «5 a:4va a dmatenly kee aoe eS 44444 | 44444 ° 
Ser rrr eee ee 44050 | 44050 ° 
| rr are ne 44669 44066 +3 
eS SP gh Pare 44803 44800 +3 
NS 55k Ga pint) Gren See ae ee 44930 44930 ° 
a > Saieiad partiewte oe oe teat 45001 45007 —6 
NG 6 5056 bh-d'c Sale lem aneee 45187 45187 ° 


NITRIC OXIDE 
A (mean of the two infra-red bands)=5.33 u,' whence »z= 
0.56285xX10%. The value of x was found to be 62 and the follow- 
ing formula was used: 
3.5621 X10” 
sete as 7 ’ 
12233.8X107—v 


where 12233 .8X 1077 =(62p,)?. 


TABLE VII 


VALUES OF (u#—1)10° 





A Calc. Obs. Differences 
SR rere ror 29302 29300 —4 
6438..... cbbwewldtaauedy an 29346 20334 +2 
i) ee re 29470 29468 +2 
NN ieicak 45 Grkve eRe Seles Sk Ss 20474 20474 ° 
| ee eee ee ere re 29550 29550 ° 
wis iw se hee sie bee 29626 29622 +4 
 SPeeloreger eke ee 29667 29666 +1 
4800.... pCniete techn ie betes 20774 29776 —2 


The agreement between the calculated and the observed values 
is exceedingly close and again supports the present theory very 
strongly. The agreement is certainly as good as Mr. and Mrs. 
Cuthbertson obtained with Sellmeyer’s formula, the constants of 
which they calculated from the observed refractivities by the 
method of least squares. The oscillation frequencies thus found 
for the ultra-violet absorption bands are consequently only theo- 


* Warburg and Leithauser, Ann. der Phys., 28, 313, 1900. 
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retical since they have not been observed and measured. The 
values given in Tables VI and VII have a materially important 
advantage in that they have been calculated from an absorption 
band that has directly been measured and is known, therefore, to 
be a characteristic function of the substance dealt with. 

Before passing on to a further extension of the theory, a possible 
deduction therefrom may be mentioned. There seems no doubt 
that absorption, fluorescence, and phosphorescence are directly 
connected with emission in the infra-red, and hence it would be 
expected that the converse would be true. In this may be found 
the explanation of the well-known fact that the phosphorescence of 
a substance after exposure to an exciting cause is at once destroyed 
on exposure to infra-red radiation. 

2. Application of the Bjerrum principle to absorption-band 
groups in the ultra-violet and visible regions. Experimental proof 
of its validity with absorption, fluorescent, and phosphorescent bands.— 
Throughout the preceding portion of this paper no attention has 
been paid to the breadth of the absorption and fluorescent bands. 
All the relationships have been based on the frequencies of the opti- 
cal centers of the bands, whether these latter be in the ultra-violet, 
visible, or infra-red regions of the spectrum. It is now proposed 
to discuss the breadth of the bands, and inasmuch as any single 
band is in reality composed of a group of fine absorption lines it is 
obvious that the relations described above cannot be considered 
to be complete unless the whole structure of any given band 
group can be explained by means of it. This explanation is to be 
found in a theory put forward by Bjerrum,' which when superposed 
on the theory advanced in this paper appears to give a complete 
solution of the whole problem. Bjerrum dealt with the absorp- 
tion bands in the short-wave infra-red region and pointed out that 
if vy, be the frequency characteristic of the atoms in a given molecule, 
then, if v, be the frequency of rotation of the molecules, three ab- 
sorption bands will be shown close to v, The frequencies of these 
bands will be v,+,, v,, and v,—v, respectively, and since the 
central vibration is pure it will evidence itself only as a very narrow 
absorption line and will probably escape detection owing to the 


t Nernst Festschrift, p. go, 1912. 
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comparatively large slit-width necessary in infra-red work. The 
result will be that the whole absorption band will appear to be 
double, each portion being broad, since v, represents the average 
rotational frequency of the molecules. 

Bjerrum further pointed out, however, that on the energy- 
quantum theory, the rotational frequencies must be discontinuous 
and that they must have well-defined values given by the formula 


nh 


ose 
om’ 


where h is the Planck’constant, J the moment of inertia, and n=1, 
Bes 34 etc. Asa result of this an absorption-band group in 
the short-wave region of the infra-red should consist of a series of 
maxima symmetrically distributed about a central line of frequency 
v,. Each pair of maxima will correspond to a definite rotational 
frequency of the molecules and hence to an absorption band in the 
long-wave region of the infra-red. Fraulein von Bahr,’ has made 
very accurate measurements of the absorption band shown by 
water-vapor at \=6.25 w and found clear evidence of these pairs 
of maxima. From these she calculated the wave-lengths cor- 
responding to the rotational frequencies and showed an excellent 
agreement with the measurements of the absorption bands of water- 
vapor in the long-wave infra-red region by Rubens and von Warten- 
berg. Eucken? pointed out that a still closer agreement is obtained 
on the basis of there being two degrees of freedom possessed by the 
water molecule, that is to say, two values of J in Bjerrum’s formula. 
The experimental evidence therefore most strongly supports 
Bjerrum’s theory. 

There seems to be no valid reason why Bjerrum’s conception 
should not be extended and applied to the absorption-band groups 
in the visible and ultra-violet regions. If v be a characteristic vibra- 
tion frequency, for example, in the ultra-violet, then we should 
find pairs of absorption lines in the band group with frequencies 
equal to y-+v,, where v, stands for the frequencies of the centers 
of the short-wave infra-red bands. Some preliminary support 

* Phil. Mag., 28, 71, 1914. 

2 Deutsch. phys. Gesell. Verh., 15, 1159, 1913. 
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for this extension of Bjerrum’s theory is gained from the fact that 
the ultra-violet absorption-band group of benzene consists of about 
200 fine absorption lines and these form nine well-marked sub- 
groups which obviously are arranged symmetrically around a 
central position. This also is the case with several other com- 
pounds. 

Again, it follows from the theory developed in this paper that 
the same structure should be found in the case of the fluorescent 
and phosphorescent bands of the same substance. I have cal- 
culated the values of the absorption lines of one or two compounds 
and find that they form in each case a series of pairs symmetrically 
distributed about a central line and that the frequency of each 
short-wave infra-red band has a corresponding line or pair of lines 
forming part of the structure of the ultra-violet absorption-band 
group. In short, the application of the Bjerrum conception is 
completely successful. The compounds may be considered in 
detail. 

BENZENE 

Hartley’ stated that the ultra-violet absorption-band group 
I 
d 
being 3745, 3802, 3861, 3963, 4055, 4148, 4237, 4299, and 4388, 


of benzene can be divided into ten sub-groups, the values of 
R . I 

respectively. These may be arranged around the one at - 

4055 as center, as shown in Table VIII. In the third column of 


TABLE VIII 


INFRA-RED BANDS 








A IN ANGSTROMS f Vx MEAN Px 

Calc Obs. 
cameo a gre viatate 9-6 5 3745 | 310 Siar eyaee 3.23u 3.25mM 
Eee 3802 253 249 4.08 
RNS EG orn a4 oxi Saws 4.90 3861 I ¥ 5.15 
sat Kdise's- Be Re xo 3930 Q2 92.5 10.81 | 10.78 
ed Nd ac 0 hdie pial B49 Si 4055 ° RAE PR Pe Sane 
| ES 4148 93 92.5 10.81 | 10.78 
Ee ee eee ez 4237 ee ee a te 5.50 5.41 
NS So 61.5.4 4:90 ae ain 0% 232 227 cates a 4.40 | 4.40 
RES ere Tee 4299 244 249 4.08 nied 
OE ee eee 4388 333 Wa we: oa 3.00 








t Phil. Trans., 208 A, 475, 1908. 
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the table are given the frequency differences between each line 
and the central line, and in the fourth column the means between 
the two values where such exist. The values of : or the wave- 
lengths of the infra-red bands are given in the fifth column, while 
in the last column are to be found the wave-lengths of the absorp- 
tion bands as measured by Coblentz.' Four of the calculated 
bands were observed by Coblentz and the agreement is exceedingly 
good. 

On the other hand, there are 16 absorption bands shown by 
benzene between 3 u and 15 yu, which latter is the upper limit 
reached by Coblentz, and the question arises whether each of these 
gives rise to a corresponding pair of lines in the ultra-violet band 
group when compounded with the central vibration 4055. The 
complete list is given in Table IX, and, as can be seen, every 
infra-red band gives an absorption line or pair of lines in the ultra- 
violet. Certain of the calculated infra-red bands have not been 
observed by Coblentz and they are included in the table because 
the corresponding ultra-violet lines were given by Hartley as the 
heads of the sub-groups. Hence the presumption would be in 
favor of their being important lines. It will be seen in the sequel, 
however, that Hartley was apparently incorrect in his measure- 
ments of the heads of the sub-groups. 

From what has gone before it is clear that the frequency of the 
central line, 4055, must be a whole multiple of the frequency of one 
of the infra-red bands. This number is almost exactly 10405, 
which corresponds to a wave-length of 2.47 uw, a value exceedingly 
close to that measured by Coblentz, namely 2.494. Now the 
next smaller multiple of 405 is 9X 405 = 3645, and this should form 
the central line of the fluorescence bands of benzene. The fluores- 
cence of an alcoholic solution of benzene has accurately been 


‘ ‘ ° ° I 
measured by Dickson,? who found six bands with frequencies (") 


of 3436, 3537, 3631, 3733, 3795, and 3848, respectively. In order 
that these may be compared with the absorption measurements 


t Loc. cit. 


2 Zeit. wiss. Phot., 10, 166, 1912. 
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(which were made with benzene vapor) they must be corrected for 
the effect of thé solvent, which tends to shift the maxima toward 
the red. Hartley found that this correction is of the order of 15 


TABLE Ix 


BENZENE ABSORPTION (HARTLEY) 


INFRA-RED BANDS 








A In ANGSTROMS ~ Vy MEAN Px 

. Calc. Obs. 
Fs rnd 6 de welnk's oe 3722 333 333 3.00 bs 
EE ahaha wens Aah o o9% 3745 310 “4 a 3.9% 3.25 bh 
DT Sd iin tie o otig < 6:0 i 3802 253 249 4.08 
Deas s Se cee peeks 3828 227 228 4.38 4.40 
DE eid 's hoe wie acee> e0 3847 208 208 4.80 4.90 
de + gaa cee edneere' 3861 194 194 ets : 
NN. S10 gto bala Snel gale 3873 182 182 5.50 5.41 
Ss MAREE yaar er ae 3805 160 160 6.23 6.20 
Ss Cs ed oiatees os 3907 148 148 6.75 6.75 
EE al eis xd were @ ond a 3017 138 138 225 7.25 
SAE dei 64a eka boxes 3928 127 127 7.85 7.80 
Ns SGhe sok akon te ee 3940 II5 115 8.67 8.67 
EL aa pore ae 3054 IOI IOI.5 9.85 9.78 
Gs s+ Sawadee koe 3958 97 97 10.30 10.30 
RAY ate da Pian sos « 3963 2 2.5 10.81 10.78 
LAGE ) caudic ease ses 3970 85 85 11.80 11.80 
ing GeSiiw tithe ao k0¥ 4 3074 81 81 | 12.30 12.45 
ES ees ee 3978 77 77 12.95 12.95 
DE ils a sv so anes 4055 ° ” ee 
eri hens Cana oe eid 4132 77 77 s3.05 | 6-05 
 RRFRS 2 Sey ee 4136 81 81 12.30 12.45 
ete tet a arg. 058 wok + =eu 4140 85 85 11.80 11.80 
ie elect d'or ddre we ae 4148 93 92.5 10.81 | 10.78 
ig Te Biagio tr 4152 97 97 10.30 | 10.30 
Aa a bing guile 6 o.0'e 0 #2 4157 } 102 IOI.5 9.85 9.78 
Se ee 4 4170 II5 II5 8.67 8.67 
EAs .0 « diab 9 5-0 djs 4182 127 127 7.85 7.80 
eee 4193 138 138 7.25 7.26 
aS ee Katee 4203 148 148 6.75 6.75 
EY Side 9 ob CURA eel 4215 160 160 6.23 6.20 
SS a hiwad wise he 5.9'4 4237 | 182 182 5.50 5.41 
SE Bie din. 6 dS. 5 dew ot 4249 194 194 5.15 peifostes 
TS sig We s-.kie wks 3 dw 4263 208 208 4.80 4.90 
NS os Gas @ fERAs 5-408 4284 229 228 4.38 4.40 
NG a vid an Seales < ' 420909 244 249 “ly Sa Pe oe 
DY || ee 4388 333 333 3.00 


units, and if 14 be added to the third of the foregoing frequencies 
we have 3645, which, as already shown, should be the central line 
of the fluorescence system. It may be assumed that 14 must be 
added to all Dickson’s values, and this is done in the third column 
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of Table X. In the fourth column are given the frequency differ- 
ences from the central line 3645, and in parentheses are given the 
mean values for the corresponding intervals in the absorption- 
band group as shown in Table IX. 


TABLE X 


BENZENE FLUORESCENCE (DICKSON) 


I I 





A in Angstroms yt Vy 
SR es eg ee et ee 3436 3450 195 (194) 
IDS hind. \doip ad pPM A ak oe Pein ee 3537 | 3551 94 (92.5) 
PEt ter csachaesheehne ce ob amu 3031 3045 ° 
EE Pe ee Mer er eae 3733 3747 102 (101.5) 
BERS bb'c.a sre dha tie aw amend 3795 3809 164 (160) 


DNS 6.3.55 £5 ie sdk aka heen 3848 3862 217 (208) 


When the substitution products of benzene are considered, 
some difficulty tends to arise owing to the fact that the molecule 
becomes unsymmetrical. There is no doubt that the regularity 
of the structure of the ultra-violet absorption-band group of benzene 
is due to the symmetry of the molecule; in toluene and its homo- 
logues much of this symmetry disappears and hence it cannot be 
expected that the absorption should be so symmetrical. While 
p-xylene shows considerable symmetry, as already’ pointed out by | 
Miss Marsden and myself,’ toluene, o-xylene, and m-xylene evi- 
dence want of symmetry by the fact that there are fewer separate 
absorption lines on the ultra-violet side of the central line. 


TOLUENE 


The ultra-violet absorption-band group of toluene has- been 
measured by Hartley,? Grebe, and Cremer.‘ Grebe was the first 
to arrange the absorption lines in series with constant frequency 
differences, and although Hartley considered that such arrangement 
was unjustified, Cremer also arranged the lines in several such 
series. There would seem to be no doubt that Cremer’s values 


* Chemical Society Transactions, 87, 1347, 1905. 
2 Loc. cit. 
3 Zeit. wiss. Phot., 3, 376, 1905. 4 Ibid., 10, 349, 1912. 
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are the most accurate, and they are used in Table XI in which they 
° I an 

are arranged around the line \ = 4047 as center. The general 

arrangement of the table is the same as that of Table IX. There 


TABLE XI 


TOLUENE ABSORPTION (CREMER) 


INFRA-RED BANDS 





A In ANGSTROMS r Vx MEAN Px 
Cale Obs. 
0 eee 3749 "i: Cares 3.36 mu 3.346 
0 Oe ea 3778 269 271 3.69 weer 
ee re 3795 252 252 3.97 4.00 
err oe 3802 245 Me Bi a eo 
ol ee 3824 223 224 oe a ne eee ee 
ET Tee 3842 TN a dard pce Re Ba cares care 
Oe SR rere 3846 201 201 TO ial Pel ree 
ee 3853 194 hi s.a5 5.10 
| EE eee 3862 185 186 5.38 *.96 
0 eee 3869 om a 5.62 5.51 
= re 3877 ty 5.88 5.80 
Ee 3888 a gs 4a ae 6.29 6.20 
oe 38905 ee: ae 6.58 6.45 
Ae 3899 i oe 6.76 ge 
MN 6 sas 44,2 3906 14! 7.00 7.25 
a ree 39015 132 131 7.63 7.70 
eS ee 3922 ee ' 8.00 8.10 
Se 3936 ae ae 7 Bae ls daen anes 
Batcass rates 3939 108 107 9.35 9.27 
eS Se 3943 i) eee me 9.61 9.73 
IN y's whew bos 3954 - at See 10.75 10.60 
Or ee 3961 86 86 11.60 II.15 
MNES 9:6 «6b 0% = 3905 82 12.20 12.03 
a 3074 73 Corer re 13.70 13.75 
eee ee 3988 59 61 16.39 re 
Go i540 cps 4037 IO 10.5 oe ae See ree 
a ae ae 4037 a yee So el ERR POO oe 
IRS phen din dpe 4058 x CO 10.5 NE Ne agamiaie land 
_ ee 4110 63 oI 10.39 wah dene eee 
ap 4133 86 86 11.60 11.15 
DPMS ici ses we 4154 107 107.5 9.30 9.27 
a ee ee 4177 130 131 7.63 7.70 
RGus oshare «3 4235 188 186 5.38 5-35 
ES 4248 201 201 i A See See 
ee 4272 225 224 a ee 
A Nae 42909 252 252 3.907 4.00 
ree 4320 273 271 SS Ge eee 





is again a good agreement between the observed and calculated 
values of the infra-red bands. The lettering of the lines has the 
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following meaning: The lines marked A are those which Cremer 
found to be the strongest, those marked B are the ones which form 
the heads of Cremer’s series, while those marked H are the lines 
which Hartley considered to be the strongest. 

It is of some interest to notice that the central line of toluene, 
4047, is very nearly the same as that of benzene, 4055. As 4047= 
10405 very nearly, so, as in the case of benzene, 9X 405= 3645 
should be the central line of the fluorescence bands. If Dickson’s 
values for the fluorescence of toluene be taken, it is clear that the 
maximum of 3650 must be the center of the system. Dickson’s 
measurements of the maxima can be arranged as in Table XII, 


TABLE XII 


TOLUENE FLUORESCENCE (DICKSON) 


I 





A in Angstroms > Vx 
"SRG S UR LM Sore eevee ne 3465 205 (205) 
ER sind a Wibaa hs ocus eee 3561 89 (86) 
issn salah kce bina Ali 3050 ° 
ie Oak aa sate Gin ah 3737 87 (86) 
Peds sdetrch paden deen 3779 129 (132) 
A ee errr ee 3814 164 (159) 


the figures in parentheses again showing the corresponding values 
v ; : ‘ 
of . found in the absorption-band group. The accuracy of 


measurement of the wave-lengths of fluorescent maxima is not very 
great, and if the correction for the effect of solvent be applied there 
appears to be an error of g units in the value found for the central 
line. This, however, is well within the limits of experimental 
error. 
p-XYLENE 

Although the vapor absorption spectrum of p-xylene was investi- 
gated by Hartley, more accurate measurements have been published 
by Mies,’ who showed that the fine lines can very readily be 
arranged in series. He observed in the spectrum a certain number 
of strong lines which he denoted by A, and also a number of slightly 
less strong lines which he denoted by B. The A and B lines form 


t Zeit. wiss. Phot., 7, 357, 1909. 
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two series with constant frequency differences. Then further he 
found other lines, the frequencies of which differ by definite amounts 
from the frequencies of the members of the A and B series. He 
thus established four series which he denoted by A, C, B, and D, 
the C and D series being connected with the A and B series respec- 
tively. In Table XIII are given the absorption lines of p-xylene 
TABLE XIII 
p-XYLENE ABSORPTION (MIEs) 


INFRA-RED BANDS 





A IN ANGSTROMS i Vy MEAN vy 
Calc. Obs. 
NE a bccn ee svasnarara 3554 315 316 3.17p¢ 3.25 6 
ee 3071 298 298 3.36 3.38 
ie i sans eo Ad 3591 278 277.5 oe a Cepeles 
ay el are 3609 260 258 “a ee 
eee 3627 242 241 1 ae), See es 
NS as i 5 wid ate 3644 225 222 Sa Sree 
a re 3073 196 190.5 5.09 ma 
ira cis Sine gid 3680 189 ne 5.28 5.30 
42 See re 3691 178 178 CD See 
8 Ee aoe 3710 159 160 6.25 6.10 
6.35 
ee eee 3716 153 eT 6.'55 6.55 
Re is ees ae» 3724 145 ee ' 6.90 6.90 
2 Ee ee 3728 141 140.5 a eee ne 
rr 3731 138 ; 7.25 7.25 
2 okt oe 3753 116 117 8.55 8.60 
I aera oe 3758 III III Q.04 9.05 
eo mm 3764 105 104 9.60 9.62 
eI, e's. en's @ eles cis 3773 96 97 10.31 10.20 
Ae ahaa ded 3785 84 84 II.gO | I1.90 
Es vn 0 5%" 3792 77 78 12.82 12.58 
oo EE ee 3869 ° ee : SEF. oes fey 
BIS boc ogo sec ece's 3948 79 78 12.82 12.58 
0 eee 3953 84 84 II.go II.go 
I peg ines tse: 0 095s 3907 | 98 97 10.31 IO. 20 
eee 3973 104 104 9.60 9.62 
a diy Dig) Wine 4m Ka 3980 III III 9.04 9.05 
a ern 3987 118 117 8.55 8.60 
: ieee 7.25 
iS Sa Fei 4009 140 140.5 7.12 é.00 
- 6.35 
og Serer 4028 | 161 160 6.25 <i 
oes a we 4048 178 178 i rele 
A 4066 197 186.5 eee ee eee 
NG AG wie Bia: ake, oo6t 4087 218 222 4.50 
i re pes 410g 240 24! 4.15 
DRA a eid whi btea 0 6 4124 255 258 3.05 
SR nid cnededy sis 4146 | 277 277.5 3.60 aes 
oe a eee 4167 298 298 3.36 3.38 
2 a ; Pet 4186 317 316 3.17 3.25 
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, a 
arranged with reference to the line x = 3869 as center, and the 


letters refer to Mies’s classification. Again every infra-red band 
is accounted for and the greater symmetry of the molecule is shown 
by the fact that out of the 14 infra-red bands 11 give rise to pairs 
of absorption lines. 

The frequency of the central line 3869=15 258 almost exactly, 
and therefore 14X258=3612 should be the central line of the 
fluorescence. Only four fluorescence bands were observed by 
Dickson and the frequencies of these should arrange themselves 
around this as center. The four frequencies when corrected for 
solvent are 3504, 3584, 3665, and 3744, and these obviously may 
be arranged around 3624 as center as shown in Table XIV. Now 


TABLE XIV 


p-XYLENE FLUORESCENCE (DICKSON) 








A in Angstroms i i +13 Vx 
I L.6've woh gansta ates dope epee ae 3492 3504 120 (117) 
| SE er ers ee, ey eaeee noe, 3572 3584 40 (39) 
BING. \. bxiv:s-s aia mein ed rece a OR ale eae 3653 3065 41 (39) 
SES gta wistaia sk eke ae Nate Wek Ree ee ate 3732 3744 120 (117) 





3624=14%258.8 and consequently the fundamental interval is 
very near that of the absorption-band system. The small number 
of the fluorescence bands makes it impossible to arrive at greater 
accuracy. 

The absorption lines and fluorescence maxima may also be 
arranged in the same way for o-xylene and m-xylene and they are 
shown in Tables XV, XVI, XVII, and XVIII. In these tables 
certain lines are marked A or F. Those marked A are the lines 
which Hartley considered to be the heads of the sub-groups, 
while those marked F give the same values of v, as appear in the 
fluorescence spectrum. The wave-lengths are taken from Mies’s 
paper." 

The effect of the want of symmetry of the molecule is very well 
shown in Table XV as also in m-xylene. The frequency of the 


' Zeit. wiss. Phot., 8, 287, 1910. 
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TABLE XV 
0-XYLENE ABSORPTION (MIES) 
INFRA-RED BANDS 
A IN ANGSTROMS x Vx MEAN vy iSite 
Calc. Obs. 
BRS. Hi 5 Karke kets <s 3601 a 3.25M¢ 3.25 bu 
A ee ere 36010 299 oo 3.33 3.38 
J Se eee 3663 a Serre ee eee 
8; | RSs See  —_ i. Bewixs 4.90 as 
| ARRERGESS SEED ae Grane 3716 . ee 5.18 5.24 
> A eee 3727 Ik 2 eee ‘ 5.49 ; 
SS 3 er 3748 a ree 6.21 6.20 
| a re 3751 a ee 6.33 6.30 
- ts 0.75 
NE | 3761 148 elaadsepvd 6.74 6 8% 
SET ie ee 4 15: 00e'ee0« | 3768 | I4I I4I 7.09 7.25 
ee ae | 3774 | ee Bea eae 7.41 
ee ee | 3778 | 131 Pot ; 7.63 ere 
st” Se ee | 3798 | III are Q.O1 8.91 
# 9.50 
SS ee 3805 | 104 oo 9.64 9.78 
ae a ee | 3811 98 =| 97 10.31 10.20 
oe eee | 3817 92 Q1.5 OS ee Sere 
RE eine re | 3836 | i: a 75 13.33 13.60 
ee, 3888 SS i A RE ee 
UE Gia Fata Gictaatipry 3909_—siY| Ss} “2 raeere ata cena ate neo as ; 
SS Pe aeeeney | 3986 | 77 75 13.33 13.60 j 
TREE eee | 4000 | gI QI.5 a eee 
RS hey we died igs |} 4005 | 96 97 10.31 10.20 
| ES ene | 4042 | 141 I4I 7.00 7.25 





central line 3909=13X300.7, and the next multiple is 12X 
300.7 = 3608, which may be taken as the center of the fluorescence 
bands. In Table XVI the frequencies of the fluorescence bands 


TABLE XVI 








0-XYLENE FLUORESCENCE (DICKSON) ' 
{ 
insnacaipsinn ~ 7 t 
A in Angstroms : | Ty 3 "s 
A A : 
| Cis f 
Se re ner eee oe 3190 3203 405 
Rt ee has cai fd Mend 3:4 ears 3292 3305 303 (299) 
EE ares dpe oe kin a 50d 3349 3362 246 (141) 
ee ee yey te ee 3453 3406 142 (141) 
MEE sip piece a» 0s Pat Mee ease 3574 3587 21 (21) 
0 ree 5 aiken & sped 6 ed 3086 3699 gI (g1r.5) 
SE sk Ekle wile he, o's Bang tid oy 3731 3744 141 (141) 
| eer ba waces 37904 3807 199 (204) 
SERS fe an eee 3842 3855 247 (240) 




















ABSORPTION, FLUORESCENCE, AND PHOSPHORESCENCE 41 


are increased by 13 units in order to correct for the effect of the 
solvent. The central line 3864 is almost exactly 13297, and 
therefore 12X297=3564 should be the center of the fluorescence. 
Dickson found only three maxima of fluorescence and they all lie 


TABLE XVII 




















| InFRA-RED BaNps 
A IN ANGSTROMS 5 Vx | MEAN Py 

Calc. Obs. 

Sachse ed koewk ks 3500 a ere ee 3.30¢ 3.38 bh 
Rr serra 3675 ee. his dearnnss 5.29 5.25 

i ee 3682 182 181 Ee See 
BLS 6 itin dire anerneee 3699 165 163.5 6.12 6.20 
| SP ee 3712 ey ES kskende 6.58 | 6.77 

| See ore 722 142 142 eRe eo 
er err 3726 i Ree 7.25 72. 
a tS oe. oro | 3748 SM dene tenyews 8.62 8.70 
as ahiesie ww bias 6 elma | 3755 109 ee ee Q.17 Q.17 
Seen Pree 3762 102. | 103 9.70 9.68 
ay a's oc Sater | 3767 07 | sae aneoeeas 10.30 10.20 
iF pikta Acacia enc | 3776 88 | 7.£ II .43 | 11.42 
ee ee | 3788 76 «| 74.5 | 13.42 13.20 

t an ee eee | 3645 19 | " ee ee ee ee 

SORE ES | 3864 ©. Recdésececaenieesse ae 

cea sne cece | 3888 21 | | GED he cewsce., 
ere er | 3937 -. 3 74.5 | 13.42 | 13.20 
OS SS rer | 3051 87 87 11.43 | 11.32 
PA dcuvuvngead: | 3968 104 | 103 | 9.70 | 9.70 

oa din a | 4006 142 | 142 a ee oe 
ie tia civarrake Ke | 4026 162 163.5 6.12 | 6.20 

OS Ee re | 4044 | 180 181 £28 wetekans 





on the ultra-violet side of 3564. If this be correct then, allowing 
14 units for the effect of the solvent, the bands may be arranged 
asin Table XVIII. It is, however, manifestly impossible to draw 
any definite conclusions from only three maxima. 


RENEE 


TABLE XVIII 
m-XYLENE FLUORESCENCE ( DICKSON) 





A in Angstroms x ‘+14 Vx 
la ace SRS Feat ven em re Todi: 3569 3583 19 (20) 
ES eee ee Pe cee ee 3683 3697 133 (142) 
EL hs phere Semen sala ee COUN 3724 3738 174 (181) 
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There can be little doubt from the foregoing results that the 
conception of combining the frequencies of the short-wave infra-red 
bands with those of the central lines of the absorption and fluores- 
cence bands is perfectly justified. The agreement between the 
calculated and observed values is remarkably good in every case. 

The general conception can be put to a very severe test in the 
following way. Dickson found in the fluorescence spectrum of 
naphthalene 14 well-defined maxima which are very regularly 
arranged. In fact their frequencies may be expressed by the 
formula 

5= 3326-47 .12Xn, 


where n=o, I, 2, . . . . 13. He found small differences between 
the observed values and those calculated from the formula, espe- 
cially in the case of the band with the smallest frequency. It 
would seem, therefore, that in making any calculations from the 
frequencies it would be preferable to use the values obtained from 
the formula. Now the absorption spectrum of naphthalene in the 
infra-red region has not been measured and the only fact known 
about it is that Coblentz found a band at 3.25 uw for a solution of 
the compound in carbon tetrachloride. It is not possible, con- 
sequently, to check the values of frequency differences against 
infra-red measurements. Since the fluorescent bands are very 
symmetrically arranged it is possible accurately to calculate the 
frequency differences from that of the central line. This central 
frequency must be a multiple of the fundamental frequency, and 
the next higher multiple should form the center of the absorption 
band. From this new frequency, by making use of the frequency 
differences found in the fluorescent spectrum, it should be possible 
to calculate the frequencies of the lines in the ultra-violet absorp- 
tion band. 

In Table XIX are given the frequencies of the fluorescent 
maxima of naphthalene as corrected by Dickson and arranged 
symmetrically with respect to the mean frequency 3020, together 
with the frequency differences. The calculated values of the infra- 
red bands are given so that when this region is investigated the 
observed values may be compared. 
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Now the central frequency 3020=302 X10, and as the funda- 
mental frequency of naphthalene is 302, the central frequency of 
the absorption band should be 302 X11=3322. In order to cal- 
culate the frequencies of the lines in the absorption-band group 
we thus use 3322p,;, the values of v, being those given in Table 
XIX. 

TABLE XIX 


NAPHTHALENE FLUORESCENCE (DICKSON) 








F Vx Infra-Red Bands 
es x4 tic ny thee 306 3.274 
CS air ioe dk tame e aaa 259 3.86 
SGadkc checks caine 212 | 4.72 
es Sa oes wena 165 6.06 
ES. 25a 5 ata eee 118 8.48 
Stig ob 0 ak oes scar 70.5 14.2 
See ee 23.5 42.6 
a Aer ° Fim Ma Peihid 5 to ouch 
| RE oe 23.5 42.6 
Mga iok sae ea deus 70.5 14.2 
cw oa bale dae 118 8.48 
eee 165 | 6.06 
ES er ee 212 | 4.72 
wh wo 5 bare o5 Sak re 259 | 3.86 
BS cio 4d E% Sianetens 306 | s.. 37 


The absorption of naphthalene vapor has been investigated by ° 
Purvis, who found that the band group shown by the alcoholic 
solution is not resolved into fine lines. It is necessary, therefore, 
to make use of the solution spectrum of naphthalene for the present 
comparison. This spectrum has been measured by several ob- 
servers,, and Mr. F. C. Guthrie in my laboratory has kindly 
repeated the observations, using the new Hilger ultra-violet spec- 
trophotometer, the accuracy of which far exceeds that of the old 
method of qualitative measurement. 

In Table XX the first column shows the values of v, obtained 
from the fluorescence bands and given in Table XIX. The second 
column contains the calculated frequencies of the absorption bands, 
while the corresponding wave-lengths appear in the third column. 
In the fourth column are given Mr. Guthrie’s measurements. No 


t Hartley, Chemical Society Transactions, 39, 153, 1881; 67, 685, 1885; Baly and 
Tuck, ibid., 93, 1902, 1908; Purvis, ibid., 101, 1315, 1912. 
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correction for solvent is here needed since the fluorescence measure- 
ments were also made with a solution. The agreement between 
calculated and observed values is exceedingly good in view of the 
fact that there are no infra-red measurements against which the 
frequency differences (vz) can be checked. Certain of the calcu- 


TABLE XX 


NAPHTHALENE ABSORPTION 





ABSORPTION BANDS INA 





Vx r 
Calc Obs. 
a re 3016 3311 ee ee rae 
ee ee oe 3003 3205 ee eee oe 
a i ee ere 3110 3215 3218 
ES eee 3157 3168 3158 
Nd Rislarcinca ced Os alr sie as a 3 3204 3121 3118 
oe ORES a ee 3251 3076 D iimse east caohiaara 
Rats Ri twig! oh 8s Sevia vere Waite 3299 3031 3025 
Re ate gig Sad acad.aspiirain a wieden (3322 RE eee Sat et rare een Laer 
GEST eae ari et enero P 3345 2990 - 
I Nhe i i i ee 3393 2045 2905 
ES ES ae oh ae, mR ar 3440 2907 5p elements Sates 
NE hte age pera Te abe dE 3487 2868 2867 
hae 6 0 sted Male a ew Aad e 3536 2828 2840 
eri ta SW he aad aa 3581 2793 2798 
kWh it elem gste sl ® dia drove. eo 0a 3628 2757 2759 
26070 





lated absorption bands do not appear in the solution spectrum and 
the broad band at 2965 does not seem to divide. One more 
absorption band has been observed at 2670 beyond those that have 
their counterpart in the fluorescence spectrum. It may be asserted 
that the foregoing calculation confirms the theory here put forward 
in a striking fashion. 

Two interesting points may be noted, one of which is the agree- 
ment of the only observed infra-red band of naphthalene with the 
calculated value, and the other is the fundamental frequency of 302. 
This frequency is practically the same as that of o-xylene which is 
301. Naphthalene can be. looked upon as containing ortho- 
substituted benzene rings and it would seem, therefore, as if 301 or 
302 might prove to be the fundamental frequency of ortho- 
disubstituted benzene compounds. 
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There is no doubt that it should also be possible on the present 
theory to explain the phosphorescent spectra as observed by 
von Kowalski’ and Goldstein? with certain organic compounds. 
Both these authors investigated the phosphorescence of the solid 
substances at very low temperatures, but we have no knowledge 
of the shifts of the bands under these conditions as compared with 
the vapor. It is impossible to calculate the frequencies from these 
authors’ measurements in the way adopted above. 

The following substances may be taken, namely benzene and 
p-xylene, both of which were investigated by von Kowalski? 
and the latter also by Goldstein. The fundamental frequencies of 
these compounds are 405 and 258, respectively. The simplest 
method of calculation is to find whether the phosphorescence 
maxima can be arranged in each case with reference to a multiple 
of the fundamental frequency, due regard being paid to the fact 
that the maxima are certain to be moved toward the red. The 
accuracy reached by these authors is only about 25 angstroms and 
therefore the frequencies are expressed with only three figures. 
But in spite of this it is clear that the same relation holds good here 
also. 

Thus in benzene the frequencies of the phosphorescence maxima 


. : 
\ = 242 as shown 


in Table XXI, together with the values of v, (in parentheses) found 


can be arranged symmetrically with respect to 


TABLE XXI 


BENZENE PHOSPHORESCENCE (VON KOWALSKI) 








A ¥x A ed 
ee eee 12 (12.7) Wg Nh nis 0h ots 21 (20.8) 
ee ee 9 ( 9.2) Oia ieee ee tas 28 
239 3 Sr chetsewars an se 32 (31.8) 
Bs ix cease eK ° dicks aang mews 38 
ERR Pas ve Fae 7( 7.7) Sea ey 42 (40.5) 
Nr ies Woke Kote 10 (10. 2) | ee ee 47 
ee re 18 (18.4) BE ee ee 53 


* Phys. Zeit., 12, 956, 1gtt. 
2 Tbid., 12, 614, 1911; Deutsch. phys. Gesell. Verh., 14, 33, 493, 1912. 


3 Loc. cit. 
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in the absorption band. It may be pointed out that the frequency 
of 47 corresponds very nearly to the infra-red band at 2.18 yu 


(=u) 


We thus have for the fundamental frequency of Benzene the 
following values: 


i ON cr aan ae 0a« ou oon 6X 403.3 
ICS bh onde cane a duu h pees <cic QX 405 
ck inc Sees ha eee hese <6 10 X 405 


In the case of p-xylene the values given in Table XXII are 
obtained. It is possible that there is an error in von Kowalski’s 


TABLE XXII 








PHOSPHORESCENCE (VON KOWALSKI) CATHODOLUMINESCENCE (GOLDSTEIN) 

I I 

d Vx Mean x d Vx 
ae 22 22 (22.2) 576... 30 (29.8) 
a ae Sane ere 17 17.5 (19 and 16).| 180.... 26 (26) 
SE ae rae 13 13.5 (13.8) 184.. ; i 22 (22.2) 
ee 7 8 (7.8) 188... 18 (19) 
BGs wines oa ee 3 2.5 aoa. :.. 14 (14) 
Ss SS, oe ae eae ee 790. ... 10 (10.5) 
ee ee 2 2.5 o06..... 6 ( 5.9) 
| Se 9 » 24) 205.. ° 
As Bb aan a athe 14 13.5 (13.8) we. ... , 2 
a ee 18 17.5 (16 and 1g) | 212. at 6 (5.9) 
SE eee 26 | ? Central line 205.6 





measurement of the last maximum on his list. We thus have the 
following values for the fundamental frequency of p-xylene: 


Cathodoluminescence..................- . 8X257 
a 10X 256 
LL os bata vebwg iu edns +40 as 14X 258 
et ed ds asin eng whee obs09% 15X 258 


Very great accuracy from the values of the phosphorescent 
maxima is not to be expected, since the measurement of these are 
far from accurate. There seems to be no doubt, however, that 
the same relations hold good with them as in the case of the ultra- 
violet band groups. 

















ABSORPTION, FLUORESCENCE, AND PHOSPHORESCENCE 47 


al a h 
3. Determination of the basis constants ( 37} from the known 
onl 


absorption in the short-wave infra-red region, and the calculation from 
these of the component lines in an ultra-violet absor ption-band group.— 
Although the extension of Bjerrum’s conception to the ultra- 
violet absorption-band groups is completely successful, it must 
clearly be understood that the whole problem is by no means solved. 
For example, only about 30 out of the 200 absorption lines compos- 
ing the ultra-violet absorption-band group of benzene have been 
accounted for. In the explanation of these 30 lines the short-wave 
infra-red bands only have been employed. It is true that prac- 
tically all the known infra-red bands have been pressed into service, 
but there still remain the long-wave infra-red bands, that is to 
say those bands due to the rotational frequencies of the mole- 
cules. Nothing is known at present about the rotational fre- 
quencies of any one of the compounds dealt with above. If it were 
possible by some means to arrive at these values, then by combining 
these with the frequency of the central line it should be possible 
to calculate the frequency of every absorption line in any one 
absorption-band group. 

The present position of the argument may be summed up as fol- 
lows: There exists a constant difference between the frequencies of 
the central lines of absorption-, fluorescence-, and phosphorescence- 
band groups of any one compound, and, further, this constant 
difference equals the frequency of a band in the short-wave infra- 
red region. Bjerrum has shown that the structure of any one 
band group in the short-wave infra-red is explained by the com- 
bination of the central frequency of that band with the rotational 
frequencies of the molecules, which frequencies are given by the 
nh 
rl 
to explain certain of the absorption lines in the ultra-violet and 
visible absorption-band groups and also the fluorescent- and 


expression vy, = It has now been shown that it is possible 
2 


phosphorescent-band groups by the combination of their central 
frequencies with the frequencies of the centers of the observed 
infra-red bands in the short-wave region. Is it now possible from 
a knowledge of the short-wave infra-red bands of any substance 
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: h 
alone to determine the value or values of ol for that substance, 
T 


and from these values to calculate the entire structure of the 
absorption-band groups of that substance in whatever region they 
occur? I may say that I have succeeded in doing this and further- 
more in calculating the absorption of certain compounds from the 


h : . 
values of — of their component radicles. 


wl 

As already pointed out, Eucken showed that the infra-red 
absorption bands of water-vapor of longer wave-length than about 
10 uw can be expressed by the Bjerrum formula; that is to say, their 
frequencies form consecutive multiples of two basis constants, 

h 
aml 
reciprocals are used, the values of these basis constants are 5.78 
and 2.5, respectively. Eucken, however, entirely failed to explain 
the very remarkable variations in the intensities of the infra-red 
bands of water. He extended his series from the far infra-red 
only to 10.5 and offered no explanation of the extraordinary 
intensity of the bands at 6.0y, 3.0u, 2.0m, and 1.5yu. It is 
in this respect that Bjerrum’s theory is incomplete, for the whole 
essence of the theory is that the frequencies of the centers of the 
infra-red bands are consecutive multiples of one or more funda- 
mental constants or bases. The theory in no way accounts for 
the fact that certain select multiples of the constants give rise to 
absorption bands which are far more intense than the neighboring 
multiples on each side. 

On the other hand, if two basis constants are functionally 
active, then there must exist a convergence frequency of the two 
which is the least common multiple of the two. Such a convergence 
frequency will necessarily be especially active, since it is keyed 
with both series, and I suggest, therefore, that this is the reason 
why an infra-red absorption band is especially pronounced in inten- 
sity—namely that the frequency of the band is either the least 
common multiple of the two basis constants or is a multiple of that 
least common multiple. If this principle be accepted, it seems 
entirely to solve the difficulty connected with the intensity of 





(he having assumed two degrees of freedom). If wave-length 
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infra-red absorption bands and renders the calculation of the 
values of the basis constants relatively simple. This is adopted 
as the fundamental principle in all that follows. 

The most intense absorption bands of water-vapor in the short- 
wave infra-red region lie at 6.25, 6.0, 3.0, 2.0, and 1.5 w, and the 
wave-numbers of these are 160.0, 166.6, 333. 3, 500.0, and 666. 6, 
respectively. Eucken has pointed out that 2.5 is one of the basis 
constants of water, and the foregoing meant ete at once sug- 
gest that there is another basis constant of 6.6. The first recipro- 
cal, 160.0, is an even multiple of these two constants, for 160= 
64X2.5=24 6.6, while the second reciprocal, 166.6, is the least 
common parr of the two. The three remaining reciprocals 
are the least common multiple multiplied by 2, 3, and 4, respectively. 

It is probable that the intensities of the absorption bands due 
to the multiples of the basis constants acting alone must decrease 
nh , 

= and consequently in 

the short-wave infra-red region, where m is large, the absorption 
bands due to these multiples acting alone will be very faint indeed. 
For instance, in the case of water-vapor no small absorption bands 
have been detected between the great bands given above. When, 
however, that frequency is reached which is either an even multiple 
or the least common multiple of the basis constants, then a very 
strong absorption band is evidenced. It follows further from this 
that in the case of water, for instance, the only possible regions 
of still shorter wave-length at which absorption bands can evi- 
dence themselves will be at frequencies which are multiples of 
166.6. There will, obviously, be found a constant frequency 
difference of 166.6 between such absorption bands, and a physical 
explanation is again found for the relation previously dealt with 
between the frequencies of the bands in the ultra-violet and visible 
regions and an infra-red band. It is also now clear why only one 
band in the infra-red is concerned. 

From what has been proved before as regards the application 
of Bjerrum’s theory to the structure of ultra-violet and visible 
absorption bands, it is clear that we are now in a position to cal- 
culate the region and the entire structure of any absorption band 
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of water-vapor. There are two basis constants, 2.5 and 6.6, and 
possibly a third, 5.78. In the first place, the central line of any 
absorption band must have a frequency which is some multiple 
of 166.6. In the second place, there will be symmetrically dis- 
tributed on each side of this central line pairs of absorption lines 
due to the combination of the central frequency with consecutive 
multiples of 2.5, 5.78, and 6.6. The central line with maximum 


: , , I - 
absorption will therefore have a frequency (*) of 166.6x, and there 


will also occur pairs of absorption lines the frequencies of which 
will be given by 166.6x=nK,, 166.6x+nK,, and 166.6x+=nK,, 

where x is some whole number, K,, K, K; are 2.5, 5.78, 6.6, 
respectively, and n=1, 2, 3, etc. Again, it is to be expected that 
the absorption-band group will be divided into sub-groups and the 
frequencies of the heads of these sub-groups will be given by 
166.6160, 166.6% 166. 67, 166. 6x + 333. 33, since 160, 166.67, 
and 333.33 are the frequencies of the most intense absorption 
bands in the short-wave infra-red region. 

Unfortunately nothing is as yet known about the ultra-violet 
absorption band of water except that it would appear from refrac- 
tivity measurements’ to lie in the very extreme ultra-violet with 
a frequency of 10666.67 (64X166.6). Hence it is not possible to 
put the theory to the test of experiment in this case. 

Attention may here be drawn to the influence of temperature 
on the width of absorption bands, it being a well-known fact that 
they become narrower with fall of temperature.? At the boiling- 
point of hydrogen it has been shown that the bands appear only 
as fine lines. The effect of temperature in all probability is to 
change the molecular rotational energy, and as the temperature 


: , nh 
falls the effective values of m in the formula ar become smaller 
= 


in number, and indeed at very low temperatures only the lowest 
multiples of the basis constants will be active. Obviously the 
absorption bands will become narrower as the temperature falls, 


* Baly, Phil. Mag., 27, 632, 1914. 
2 J. Becquerel, Comptes rendus, 144, 420, 1907. 
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and at exceedingly low temperatures they may appear only as 
single lines, namely the central lines of the systems. 

Although an experimental test of the theory cannot be applied 
in the case of water-vapor, there would be no such difficulty in 
the case of benzene, the ultra-violet absorption-band group of 
which has been investigated very completely. If, therefore, it 
is possible to find the basis constants of benzene from its known 
infra-red absorption, the experimental verification can easily be 
found in this compound. Coblentz has measured 20 absorption 
bands of benzene between the limits 1 w and 13 w and they differ 
very much among themselves in intensity. Of these bands the 
most pronounced appear at 9.78, 6.75, 5.5, 3.25, 2.48, 2.18, and 
1.68 yu. If the wave-numbers of all the infra-red bands of benzene 
are considered, it is at once apparent that they are very nearly 
multiples of 4, and it seemed at first sight that they could all be 
expressed with very fair accuracy as multiples of 4. It seems evi- 
dent then that 4 is one of the basis constants of benzene. This, 
however, gives no explanation of the very remarkable intensity 
differences between the bands, and, further, all the consecutive 
multiples of 4 do not evidence themselves as bands even between 
ro and 13 w, where perhaps they might be expected to appear. 

Now the two most outstanding and characteristic bands of. 
benzene are those at 6.75 uw and 3.25; they are characteristic 
in the sense that they generally appear in the absorption spectra of 
the simple derivatives of benzene. ‘The wave-numbers of these two 
bands are almost exactly 148 and 307.6 and on the least-common- 
multiple principle they are the least common multiples of 4 and 3.7, 
and 4 and 7.6, respectively. Consequently these three basis con- 
stants explain the two most characteristic bands of benzene. 

Again, these three constants also explain some of the other 
important bands the frequencies of which are whole multiples of 
two of the three constants. Thus 7.6X24=4X46= 184, which 
is the wave-number of A=5.43 uw, a value very close to Coblentz’ 
measurement of 5.50u. Then also 7.6X60=4X115=460, the 
wave-number of \=2.174 yn, a value exceedingly close to Coblentz’ 
measurement of 2.18. Further, the wave-number of 6.75 u is 
148, and 2X 148=296, the wave-number of 3.37 uw, which is hidden 
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in the great band at 3.25 uw, while 3X148=444, the wave-number 
of 2.25 wu, which is hidden in the band at 2.18 uw; but 4*148=592 
is the wave-number of 1.68 yu, the value actually measured by 
Coblentz. The three basis constants of 3.7, 4, and 7.6 therefore 
explain all the important absorption bands of benzene between 
Ip and 13 except those at 2.48 and 9.78 yu. As regards the 
former, it is remarkable that the component absorption lines of 
the ultra-violet band group of benzene can be symmetrically 
arranged around the frequency of 4050 as center. This value is 
10X405 which is very near the wave-number of 2.48 uw. Again, 
no combination of the three foregoing basis constants gives a num- 
ber near this value, and since it appears to be a fundamental one 
for benzene it is in all probability due to the existence of a fourth 
basis constant of 10.125. The least common multiple of 4 and 
10.125 is 405, the wave-number of 2.49 u, a value exceedingly 
close to that measured by Coblentz, 2.48 yu. 

We are left with the band at 9.78 uw, which, however, does not 
appear to be a specially characteristic band of benzene in spite of 
its intensity, since it does not evidence itself with any definiteness 
in benzene derivatives. This band and the remainder of less 
intensity are doubtless due to multiples of the four basis constants 
which happen to lie near together with the result that their effect- 
iveness as absorbers is enhanced. Thus 10X10.125 gives a band 
at 9.88 uw, and 3.7X28 gives a band at 9.54 uw, and the mean 
of these is 9.76. Added to this, the other two bases give bands 
in the immediate neighborhood which tend still further to enhance 
the intensity. All the remaining bands can be accounted for in the 
same way by the fact that multiples of two of the constants happen 
to lie near together. It is interesting to note that when two such 
multiples are not very close a weak and broad absorption band is 
shown. 

The entire short-wave infra-red band system of benzene can 
thus be accounted for by the existence of four basis constants. 
Again, it is evident that no absorption band of any importance 
can be exhibited by benzene with a shorter wave-length than 1 yu 
except at a frequency which is some multiple of the least common 
multiple of two of the basis constants. If, therefore, the approxi- 
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mate position of the ultra-violet absorption band of benzene be 
known, it should now be possible to calculate the wave-numbers 
of all the component absorption lines of that group. It happens 
to be peculiarly simple owing to the symmetry of the benzene mole- 
cule which results in a very obvious symmetry of the absorption- 
band group. The wave-number of the central line of the system 
is undoubtedly 10X405=4050, and the wave-numbers of the com- 
ponent lines can then be computed from 


4050+ 3.7N, 4050+ 4.0, 40507 .6n, 4050+ 10.125. 


The reciprocals of the wave-numbers thus obtained will give the 
wave-lengths, but these must be corrected for the refractive index 
of air before they can be compared with the observed values. In 
Table XXIII is given the complete list of absorption lines in the 
red side of the ultra-violet band group of benzene and in the ninth 
column are to be found their wave-lengths corrected for the refract- 
ive indices of air. In the last two columns are given the values 
observed by Hartley and by Grebe. The agreement between the 
calculated and observed values is very close and thoroughly justi- 
fies the theory here put forward. All the calculated wave-lengths 
have not as yet been observed, but this is not surprising as so many 
of them lie very close together. It would seem from Hartley’s 
paper that there exist more lines than were actually distinguished 
by him. He recorded a great number of narrow absorption bands 
which were resolved on some of his negatives and not on others. 
The general conclusion may be drawn from the measurements of 
these bands that other lines exist beyond those specifically men- 
tioned by Hartley. The wave-lengths of the lines in the blue side 
of the band have also been calculated and the agreement between 
the observed and calculated values is equally good. There is there- 
fore no need for their reproduction. 

Reference has been made previously to the division of the 
benzene band into sub-groups, and the opinion was expressed that 
the heads of these sub-groups are due to the combination with the 
central frequency of the frequencies of the short-wave infra-red 
bands. As there seems to be some doubt about Hartley’s measure- 
ments of these heads—that is to say, as regards which lines are 
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ULTRA-VIOLET ABSORPTION BAND OF BENZENE 


K,=3.7, K.=4.0, Kj=7.6, Ky=10.125 
Red Side of the Band 
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the most intense in the sub-groups—it has seemed advisable to 
repeat these observations. Messrs. A. Williams and F. G. Tryhorn 
have very kindly measured for me the absorptive power of an alco- 
holic solution of benzene with the Hilger ultra-violet spectropho- 
tometer. When corrected for solvent the frequencies of the heads 
of the sub-groups agree with those calculated from the short-wave 
infra-red bands. The correction for solvent in this region is about 


aa I on , — ee 
18 units in the values of x: The values are given in Table XXIV. 


TABLE XXIV 
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In the first two columns of the table are given the wave-lengths 
and wave-numbers of the infra-red bands, in the third column are 
given the wave-numbers of the corresponding lines in the ultra- 
violet group, while in the fourth column these values are corrected 
for solvent. The wave-lengths of these lines are to be found in 
the fifth column, and Williams and Tryhorn’s measurements of the 
heads of the sub-groups in the sixth column. I also append 
Hartley’s values for a benzene solution in the last column. The 
agreement between observed and calculated values leaves no doubt 
that the sub-groups are due to the principal short-wave infra-red 
bands and the combination of their frequencies with that of the 
central line. 

4. Calculation of the absorption lines of phenol from the basis 
constants of water and benzene and of aniline from those of ammonia 
and benzene.—The infra-red absorption of a very large number of 
compounds has been investigated by Coblentz and one outstanding 
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conclusion can be drawn from his work, namely that the character- 
istic infra-red bands of a substance are also to be found in the spec- 
tra of its simple derivatives. Thus the benzene bands at 3.25 and 
6.75 u are also exhibited by a number of its derivatives. Again, 
the absorption bands of water are shown by salts with water 
of crystallization, and, moreover, at least one of these is shown 
by compounds containing the hydroxyl group. This at once sug- 
gests that in the spectrum of a compound there is some additive 
function of the spectra of its constituents. The existence of such 
an additive function can be tested in the case of phenol which is a 
derivative of benzene and water, for both of which we now know 
the values of the basis constants. 

Coblentz did not investigate the absorption of phenol over the 
entire region from 1 yu to 13 w, but he found three very strong bands 
at 2.97, 6.25, and 6.75 yu. It is fairly obvious that the first of 
these is the water band at 3.0 u and is therefore due to the basis 
constants of water, namely 2.5 and 6.6, while the band at 6.75 u 
is due to the benzene basis constants 3.7 and 4.0. On the other 
hand, the wave-number of A=6.25 yu, namely 160, is a whole 
multiple of each of the three basis constants 4, 2.5, and 6.6, for 
160=4X40=2.5X64=6.6X 24. Water shows two bands at 
6.25 uw and 6.0, and of these the wave-number of the first is the - 
only one that is a multiple of a benzene basis constant as well as 
of those of water. Obviously, therefore, this band will be enor- 
mously enhanced in the case of phenol. It is thus clear that the 
three infra-red absorption bands of phenol, of which that at 6.25 u 
is the strongest, can be entirely accounted for by the basis constants 
of its component radicles benzene and water, for one is due to basis 
constants of benzene alone, one is due to the basis constants of 
water alone, while the third is due to those of water and benzene 
combined. 

From these facts the absorption-line system of the ultra-violet 
band group can be at once calculated, since it is evident that the 
central frequency of such a band group must be a multiple 0° 160, 
the wave-number of the only infra-red phenol band that is due to 
the combined constants of benzene and water. It may be noted 
in passing that this is confirmed by the fact that phenol in solution 
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shows a constant difference of 160 between the wave-numbers of 
its absorption and fluorescent bands as already shown in the earlier 
part of this paper. Now Purvis and McCleland' have measured 
the wave-lengths of the component absorption lines of one of the 
ultra-violet absorption-band groups of phenol, and these all lie 
between the limits 2812 and 2500 angstroms. The only multiple 
of 160 which possibly can be the central wave-number of the system 
is 24X160=3840. I have therefore calculated the wave-numbers 
of the absorption lines from 


3840+ 2.5”, 3840+3.7n, and 3840+4.0n, 


and the corresponding wave-lengths, corrected to their values in 
air, are given together with Purvis and McCleland’s measurements 
in Table XXV._ I have used two of the basis constants of benzene 
and one of those of water, because phenol is undoubtedly an 
aromatic compound; that is to say, its benzenoid properties are 
far more pronounced than those of a derivative of water. Atten- 
tion may be drawn to the manner in which the absorption lines 
group themselves and to the fact that Purvis and McCleland have 
measured in most cases those lines which mark the heads of those 
groups. Although the observed lines are very much fewer in num- 
ber than those calculated, yet all the former coincide with closely 
situated groups of lines, which groups, since they would not be 
resolved with the dispersion employed, would appear as single lines. 
The agreement between the observed and calculated values is very 
good and fully justifies the conclusion that the basis constants of 
benzene and water are acting independently. Some insistence may 
be laid on the fact that the entire absorption spectrum of phenol 
has thus been calculated from the infra-red spectra of benzene and 
water, no modification whatever being required in the fundamental 
constants of these two substances when combined in their com- 
pound phenol. The calculations for the beginning only of the red 
side of the band are given. The results obtained for the remainder 
of the red side and for the blue side are equally good. 

Many other examples of this principle of the combination of the 
basis constants might be given, but it is only in relatively few cases 


* Chemical Society Transactions, 103, 1088, 1913. 
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that the result can be tested on the ultra-violet absorption-band 
groups, since relatively few substances show these groups subdivided 
into fine lines. Indeed this very fact is in agreement with the 


TABLE XXV 
ULTRA-VIOLET ABSORPTION BAND OF PHENOL 
K,=2.5, K2=3.7, K3;=4.0 
Red Side 
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theory, since the more complicated is a molecular system, the 
greater the number of basis constants, and hence the greater the 
number of lines packed together within the limits of one absorption- 
band group. The closer these lines lie together the less likely are 
they to be resolved, and hence the condition is soon reached when 
no such resolution is possible. 

The principle of combination also holds good in the cases of 
aniline and toluene, for the ultra-violet band group of aniline can 
be accurately calculated from the basis constants of benzene and 
ammonia, and that of toluene from the constants of benzene and 
an aliphatic hydrocarbon. Coblentz investigated the infra-red 
spectra of a number of aliphatic hydrocarbons and found them all 
to be strikingly similar. As it is probable that normal hexane was 
examined in the state of greatest purity, this may be taken for the 
present purpose. It shows three very strong bands at A=3.43, 
6.86, and 13.8u. The wave-numbers of these are very nearly 
multip!es of 4 and the most probable values are 288, 144, and 72, 
respectively. Since these three bands are so intense in relation to 
all the others of these hydrocarbons, it may be concluded that there 
is a second basis constant of 7.2, of which the foregoing wave- 
numbers are multiples as well as of 4. These two basis constants 
explain all the intense infra-red absorption bands of the aliphatic 
hydrocarbons and it is very interesting that one of these, 4, is the 
same as in the case of benzene, which suggests that it is character- 
istic of a carbon chain. 

Further evidence can now be gained as to the principle of com- 
bination in the spectrum of a compound of the basis constants of 
its component radicles. Thus myricyl alcohol shows very strong 
bands at 2.97, 3.43, 6.86, and 13.88 yu. Of these no doubt the 
last three are due to the basis constants of the hydrocarbon chain, 
while the first is due to those of water. Again, triethylamine shows 
the hydrocarbon bands at 3.43, and 6.86 uw, and also the ammonia 
bands at 6.1 and 9.3 yu. 

The infra-red spectrum of aniline shows bands at 2.97, 3.25, 
and 6.1 uw, and of these the first and third are clearly due to the 
basis constants of ammonia, and the second to those of benzene. 
The same is true in the case of toluene, for it shows strongly the 
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benzene band at 6.75 uw and the hydrocarbon bands at 6.86 and 
13.88 yu. There is also a single deep band at 3.34 w, and there is 
little doubt that this is due to the superposition of the benzene 
band at 3.25 w and the hydrocarbon band at 3.474. These four 
compounds again support the principle of combination, and in the 
two last cases the matter can be tested on the ultra-violet absorp- 
tion system. 

Owing to the complexity of the infra-red spectrum of ammonia 
it becomes somewhat difficult directly to determine the funda- 
mental frequency of aniline, of which the central frequencies of the 
ultra-violet bands are multiples. On the other hand, aniline in 
solution shows two absorption-band groups, and at very small 
concentration’ the frequencies of the centers of these bands are 
3490.7 and 4355, respectively. From these two measurements 
it is possible to calculate the most probable value of the funda- 
mental infra-red frequency, for we have xv,=3496.7 (1), y= 
4355 (2), and (y—x)vy,= 758.3 (3), where x and y are integers and 
y—xissmall. It would seem obvious that the only possible values 
for x and y are 23 and 28, respectively, for the value of v, is then 
found to be 152.03, 151.97, and 151.65 from (1), (2), and (3), 
respectively. Now Purvis? has measured the wave-lengths of the 
component lines of the less refrangible ultra-violet band group of . 
aniline and has recorded a strong absorption line at 1/A= 3496.1. 
This value may obviously be taken as a more accurate measurement 
of the central frequency than that obtained from the solution. 
The true value of v, or the fundamental infra-red frequency of 
aniline is therefore 3496.1/23=152.0. 

Now the principal basis constant of benzene is 4, and 38X4= 
152, and it would seem therefore that 3.8 must be one of the basis 
constants of ammonia. If this be so, then many of the infra- 
red absorption bands of ammonia must occur at frequencies which 
are multiples of 3.8. This is shown to be the case in Table XXVI, 
for eleven out of the sixteen ammonia bands between 3 and 144 
are thus accounted for. 


* The values for a very dilute solution are the same as for the vapor, a fact that 
will be dealt with in a further paper. 


2 Chemical Society Transactions, 97, 1546, 1910. 
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The agreement shown in this table would certainly justify the 
conclusion that 3.8 is the principal basis constant of ammonia. 
TABLE XXVI 
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It is now possible to calculate the wave-lengths of the com- 
ponent lines of the ultra-violet absorption-band group of aniline, 
and I have done this, using the central frequency 3496.1 and, as 
in the case of phenol, the two benzene constants 3.7 and 4.0, 
together with that now found for ammonia, namely 3.8. The 
following formulae were therefore used: 


3496.91+3.7N, 3496.1+3.8n, and 3496.1+4.0n, 


and the results agree exceedingly well with those observed by Purvis 
and by Koch." 

I have also calculated the wave-lengths of the absorption-band 
group of toluene, using the four basis constants 3.7, 4.0, 7.2, and 
7.6, the central line being taken as the same as that of benzene. 
The latter is justified both by the fact that the absorption-band 
group of toluene is in exactly the same region as that of benzene, 
and also by the fact that so many absorption lines of toluene are 
the same as those of benzene. The agreement between the ob- 
served and calculated values is again exceedingly good and there is 
no need for the detailed reproduction of the calculations for aniline 
or toluene. 

These results seem entirely to confirm the view put forward 
in the latter pages of this paper, that it ‘s possible to calculate all 


1 Zeit. wiss. Phot., 9, 401, 1910. 
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the absorption bands and their component lines from the infra-red 
absorption bands of the substance, and, further, that the absorption 
of compounds of two radicles throughout the whole spectrum from 
extreme ultra-violet to extreme infra-red is compounded from the 
infra-red absorption of the two radicles. 

The whole position may be summed up as follows: Every 
system of molecules possesses certain basis constants, which accord- 
ing to Bjerrum represent the molecular rotational frequencies and 
are derived from the expression a where J is the moment of 
inertia and / the Planck constant, there being at least two values 
of J for each type of molecule. Absorption bands exist in the long- 
wave region of the infra-red with frequencies equal to an where 
n=1, 2, 3, etc. As the values of m increase, the intensity of the 
resulting absorption bands decreases and the effective values of 
depend on the temperature of the substance. Convergence 
frequencies of the two series of basis constants exist and these 
form centers of bands in the short-wave infra-red region. No 
strong absorption band can be exhibited by any compound at 
shorter wave-length than 3 uw, which is due to a single multiple of 
one basis constant. All absorption bands beyond 3 wu must be due . 
either to the convergence of two or more series of basis constants 
or to a multiple of such convergence frequency. There exists, 
therefore, a constant difference between the centers of such ab- 
sorption bands, and this difference must equal such convergence 
frequency. Every absorption band, whether in the ultra-violet, 
visible, or short-wave infra-red region, consists of a central line 
the frequency of which is a convergence frequency or a multiple 
of that convergence frequency. Symmetrically distributed on 
each side of the central line are pairs of absorption lines, each pair 
being due to the combination of the central frequency with a basis 
constant according to the expression C=nK, where C is the fre- 
quency of the central line, K is a basis constant, and n=1, 2, 3, 
etc. The ultra-violet or visible absorption-band group may be 
divided into sub-groups and in such case the heads of the sub- 
groups are due to the combination with the central frequency of 
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those frequencies which are sufficiently active to give bands in the 
short-wave infra-red region. The same also holds good for fluores- 
cence and phosphorescence spectra. Finally, in the case of a com- 
pound of two radicles the basis constants are the same as those of 
the two radicles. Every one of the foregoing deductions from the 
theory has clearly been proved to be true by experiment. 

Although the present theory has been developed in two direc- 
tions, it must be clearly understood that neither argument is 
complete without the other. In the first section of this paper the 
existence of molecular force fields is dealt with. These are opened 
by the effect of various solvents to different stages, each stage being 
characterized by its power of absorbing definite light vibrations. 
The theory therefore establishes the fact that a given molecular 
force field must possess certain definite free periods of vibration, 
and that these periods may be latent or called into play by the use 
of suitable solvents. These vibration periods may evidence them- 
selves as the centers of either absorption, fluorescence, or phos- 
phorescence bands. Although it is clear that the absorbed light 
must again be emitted at some frequency which is characteristic 
of the molecular system, the force-field theory does not carry 
us beyond the foregoing position and offers no explanation of the 
relation between the frequencies of ultra-violet and infra-red ab- 
sorption bands. 

On the other hand, the energy relations based on the energy- 
quantum theory show that there must exist a constant difference 
between the centers of successive absorption, fluorescent, and 
phosphorescent bands shown by a single substance and that this 
difference must equal the frequency of an infra-red band of that 
substance. They further show that all the free vibration periods 
possessed by a substance can be derived from two or more basis 
constants, but they do not explain why certain of these vibration 
periods in the ultra-violet and visible regions are active and why 
some of them are latent. 

It may fairly be claimed that a combination of the two branches 
gives a reasonably complete theory of absorption, fluorescence, and 
phosphorescence, a theory which seems amply to be confirmed by 
experiment. 
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5. Summary and conclusions.—(1) The electromagnetic fields 
surrounding the atoms, used by Humphreys to explain the Zeeman 
and the pressure-shift effects, have been applied to molecules. 
The free and independent existence in a molecule of such atomic 
fields must be a metastable condition. There must ensue a con- 
densing together of the force lines to form a molecular field, with 
the escape of energy. 

(2) The chemical properties of a molecule must depend on the 
closed field of the molecule. If the field be entirely closed, the 
molecule will have no reactivity, and if after the maximum possible 
condensation has taken place there be left an uncompensated 
residuum, the molecule will possess residual affinity. 

(3) The closed molecular fields can be opened by the influence 
of other molecules possessing residual affinity, an equilibrium 
between opened-up and non-opened-up molecules being established. 
The chemical reactivity will depend on this equilibrium. 

(4) A second method of opening the closed fields is by the 
influence of light. The light shifts the equilibrium between the 
opened-up and non-opened-up molecules toward the reactive or 
opened-up side, a new photodynamic equilibrium being established. 
The light therefore does work on the system and is selectively 
absorbed. 

(5) The force field of a complex molecule is itself complex and 
consists of a network of potential gradients which are attacked and 
opened in turn by the use of suitable solvents. Stages must there- 
fore exist in the opening-up process. 

(6) Each stage will be characterized by its power of selectively 
absorbing definite light waves and can be recognized in this way. 
Each stage thus represents a vibration period of the molecular 
system. 

(7) The light energy. absorbed must again be emitted at some 
frequency which is characteristic of the system. In most cases this 
frequency lies in the infra-red region, but in certain cases a portion 
of the energy is emitted in the visible or ultra-violet region when 
fluorescence or phosphorescence is manifested. Fluorescence and 
phosphorescence therefore mean the emission of energy with a 
frequency characteristic of the molecular system. 
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(8) Experimental proof is found in three sets of observations: 
first, by the existence of intermediate phases in chemical reactions, 
which phases represent higher stages in the opening up of the molec- 
ular force fields and are recognized by their power of absorbing 
light of longer wave-length; secondly, by the variation in absorp- 
tive power with progressive dilution of the solution; thirdly, by 
the fact that the fluorescence emission of certain organic compounds 
in one solvent has the same wave-length as the light absorbed by 
the same compounds in a second solvent. 

(9) The frequencies of the centers of all the absorption, fluores- 
cence, and phosphorescence bands shown by a substance are mul- 
tiples of the frequency of an absorption band in the short-wave 
region of the infra-red. This is proved by the existence of a con- 
stant difference between the centers of successive band groups, 
whether absorption, fluorescence, or phosphorescence, and by the 
fact that this constant difference equals the frequency of an absorp- 
tion band shown by the same substance in the short-wave infra-red 
region. Further proof is found in the fact that the refractivities 
of gases can be calculated from Sellmeyer’s formula in which for 
the frequency of the theoretical absorption band there is substituted 
a multiple of a measured infra-red band. 

(10) The structure of absorption-, fluorescent-, and phos- 
phorescent-band groups is partly due to the combination of the 
central frequency with the frequencies of the short-wave infra-red 
absorption bands according to the formula C+p,, where C is the 
central frequency and v, the frequencies of the short-wave infra-red 
absorption bands. 

(11) The entire absorption, fluorescence, and phosphorescence, 
in whatever region they may lie, may be calculated from the 
molecular frequencies. According to Bjerrum these rotational 
frequencies are given by the expression =“ where h is the Planck 
constant, J is the moment of inertia, and m=1, 2, 3, etc. There 
are at least two basis constants (=) for every complex molecule. 

(12) The successive multiples of the basis constants give rise to 
absorption bands in the long-wave infra-red region. Convergence 
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frequencies of two or more series of basis constants or multiples 
of such convergence frequencies give rise to absorption bands 
in the short-wave infra-red region. Multiples of these con- 
vergence frequencies give rise to the bands in the visible and ultra- 
violet regions. 

(13) By combination of these convergence frequencies or their 
multiples with the successive multiples of the basis constants accord- 
ing to the formula C=nK, where K is a basis constant, all the com- 
ponent lines of any band group may be calculated. This has been 
done for the ultra-violet absorption-band group of benzene and 
the values show exceedingly close agreement with those observed. 

(14) Where an absorption band shows subdivision into sub- 
groups, the heads of the sub-groups are due to the combination 
of the central frequency with those multiples of the basis constants 
which are sufficiently active to evidence themselves as absorption 
bands in the short-wave infra-red region. 

(15) The absorption bands in the infra-red and all the com- 
ponent lines of the ultra-violet absorption-band groups of a com- 
pound of two radicles can be calculated from the basis constants 
of the two radicles. This is proved by the calculation of the 
absorption lines of phenol from the basis constants of benzene and 
water, and the absorption lines of aniline from those of benzene and 
ammonia. 
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ON THIELE’S “PHASE” IN BAND SPECTRA 
By H. S. UHLER 


Several years ago, at the suggestion of Professor H. Kayser, the 
author undertook to test Thiele’s hypotheses concerning emission 
band spectra by investigating their applicability to the third cyano- 
gen band and the various ‘“‘tails’’ which have been associated with 
it by King, Jungbluth, and others. The first part of the work, 
which was primarily experimental, has been completed by R. A. 
Patterson in collaboration with the writer. The second part of the 
problem would be purely arithmetical and would consist in unravel- 
ing the various series pertaining to the \ 3883 band by the aid of 
Thiele’s methods and formulae. In the attempt to lay out a syste- 
matic plan for the computations, the difficulty of obtaining the 
numerical value of the phase c presented itself as apparently 
insuperable. That this difficulty has also appeared formidable to 
other investigators may be seen from the following quotations. 

A. S. King" writes: “. . . . and some of the constants used, 
notably nu, the series-number of a selected line, are very hard to 
determine in the case of band spectra.’”’ Again: ‘Finding it 
impracticable to use Thiele’s formulae, owing to the difficulty in 
determining the constants, I have tried to find some numerical 
relation. .... ” R. T. Birge? says: “It contains eight undeter- 
mined coefficients and so is very difficult to work with..... I 
have preferred to use simply Deslandres’ Law. ... . ” As far as 
the author has been able to find out, by a careful search through 
so much of the literature of the subject as is accessible to him, 
Thiele is the only investigator who has calculated the numerical 
values of c and of the remaining parameters involved in his formula. 
Since this state of affairs exists, as a good deal of importance is 
attached to the problem by Kayser and other writers, and since the 
author has succeeded in working out a method for evaluating c for 
any given band spectrum, he feels justified in publishing the results 


t Astrophysical Journal, 14, 325, 326, 1901. 2 Tbid., 39, 72, 1914. 
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of his investigation, in spite of the fact that the processes involved 
are very elementary and now seem perfectly obvious. In this 
paper, therefore, it will be shown (a) precisely what Thiele’s for- 
mulae and hypotheses mean from a purely mathematical point of 
view, (6) how to calculate the “‘phase”’ c for any band whose wave- 
lengths can be determined to a sufficiently high degree of accuracy, 
and (c) what conclusions may be drawn from the special cases to 
which the new method has been applied. 

Thiele has stated his hypotheses very clearly in the following 
words: 

The single established fact in the present theory of series, the only one 
which my investigations have more and more tended to confirm, is that the 


law which expresses the wave-length A of the lines of a series as a function of 
the series-number n of the lines must have the form 

A=f[(n+c)?] (1) 
where c is a constant, which I shall call the phase of the series. . . . . Taking 


this law as a fundamental hypothesis, I accept all of its consequences. .. . . 
The most important consequence of our hypothesis, A=/[(m+-c)?], is that it 
is necessary to take into account not only the lines corresponding to positive 
values of n, but also those obtained when m<o. In other words a series 
must in general be composed of two groups of lines, each of which would 
ordinarily be called a series. I prefer to put it that the positive branch 
of each series must be accompanied by a negative branch of the same series, 
having the same head and the same tail and being represented alternately by 
a line in each interval of the other branch. These two branches may 
exactly coincide, in which case the phase of the series must be either c=o or 
c=} (evidently c must be defined so as to include only fractions properly so 
called).' 

That Thiele considers c to be rigorously and not approximately 
constant is emphasized in his second paper on this subject where 
he says: “That the phase must remain constant in each series is 
my fundamental hypothesis.’ 

Theoretically the phase c may be determined in three different 
ways for any given spectrum. One method consists in assuming 
a particular form of function in equation (1) and then evaluating 
the constants or parameters by repeated comparison of the calcu- 
lated wave-lengths with the experimental data. In general, this 


t Astrophysical Journal, 6, 66, 67, 1897. 2 Tbid., 8, 5, 1898. 
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process (which is the one used by Thiele in his analysis of the 
carbon band at A 5165) requires the determination of the values of 
all of the parameters simultaneously. This fact is advantageous or 
just the reverse according as one needs to know all of the constants 
or as one desires to study the behavior of some parameter alone, 
such as c. When the function is complicated, or involves a rela- 
tively large number of independent literal coefficients, the labor of 
computing their values becomes very great. This is the discour- 
aging feature of the equation used by Thiele,’ namely: 





cafe taf 
A= —(* 24) . “< (2) 
io) tye a P 
Io IO 


Furthermore, the process of “trial and error’ would usually be 
extended over the entire length of the band under investigation 
and, when this is the case, it would yield mean values of the literal 
coefficients. Under these circumstances small but true variations 
in a hypothetical constant, such as c, might escape detection. 

A second method of calculating c would be to substitute a 
sufficient number of experimental wave-lengths in the chosen func- 
tion to make it possible, theoretically at least, to eliminate from 
the resulting equations of condition all of the parameters save the 
one required. If this scheme were feasible, it would afford an excel- 
lent means of testing some of Thiele’s hypotheses. For example, 
comparison of the values obtained by calculating c from groups of 
selected wave-lengths at different places along one band series would 
show whether the phase is or is not a true constant, within the 
limits set by the probable errors of the experimental data. In 
general, however, it is not advantageous to make use of a process 
which requires the function to be exactly satisfied by the wave- 
lengths in a group. For, unless the number of data in a set were 
large, an anomalous line or a wave-length having a large error 
might alter the value of a small constant very appreciably. Both 
of the methods just outlined would give c if wave-lengths belonging 
exclusively to one and the same branch (positive or negative) of a 


t Astrophysical Journal, 8, 10, 1898. 
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series were used in the computation. The value of c thus obtained 
would predict the wave-lengths of the conjugate branch (negative 
or positive respectively) and indicate the positions of the lines of 
one branch relative to those of the associated branch. 

Although the second method suggested for the determination of 
the phase seems very promising in many respects, nevertheless it 
is not practicable. This statement is made advisedly because a 
great deal of time was wasted by the writer in trying to derive a 
working formula for c before he happened to hit upon the third 
method, which will be explained in later paragraphs. If the num- 
ber of terms in equation (2) be restricted so that it may be written as 


ya sot aa(n+e)? 
1+b,(n+c)?’ 


and if for \ and m respectively the four wave-lengths M, N, P, Q, 
and the corresponding ordinals m, n, p, g, be substituted, elimina- 
tion of ao, a2, and b, will lead to a quadratic in ¢ which is readily 
reducible to the form given by Thiele,’ namely: 


4(m—q) (n—p) 
,—UKN , P-O m—p n-q, 


M-—-P N-Q m-—n (-@ 





(m+-n+ p+q+4c)?=(m—n+ p—q)?+ 


This formula is unsatisfactory in practice because it is liable to give 
incorrect results, primarily as a consequence of the small number 
of wave-lengths involved. For example, when the latest wave- 
lengths of four good lines of the singlet series between the first and 
second heads of the third cyanogen band (M=3880.999, N= 
3879. 964, P= 3878. 303, O= 3876.843, m=15, n=18, p= 22, g=25) 
were chosen at random and substituted in the last equation, it was 
found that 4c+80= +85.0345 or c=1.2586, which is incorrect 
because ¢ must be less than unity. [Of course, c can be changed to 
0. 26 by increasing m, n, p, and qg each by 1 since the left member of 
the equation has to maintain a constant sum for m+n+p+q+4¢, 
the right side involving differences only. The spectrograms show, 
however, that m=15.] If, with m=15, —o.002 and +0.002 be 
added to M and Q, respectively, it follows that 4c+80= +81 .6747 


* Tbid., 6, 70, 1897. 
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or c= 0.4187, which illustrates how sensitive the quadratic may be 
to slight changes in the wave-lengths. If the wave-lengths satisfy 
an equation of the form 


A=a+fBn+ yn? 


(which is approximately exact near the head of a band), it is easy 
to show that Thiele’s quadratic leads to m+n+p+9+4c= + 


2f , ia 
(m-+-n-+p-+q+ =), so that the required root, c= _ is independent 


of the value of m. Far from the beginning of a series the quadratic 
in c becomes altogether useless. For illustration, from the series 
chosen for the last numerical example let the following data be taken, 
namely M=3678.098, N= 3666.852, P=3653.455, O=3642.477, 
m= 151, n=156, p=162,andg=167. Then 4c+636= +271. 4942, 
that is, c=—91.1264 or — 226.8736 and these roots are obviously 
meaningless. 

Theoretically the next approximation to c can be obtained from 


the equation 
ya ot a(n) +a, (+e) 
is 1+b,(n+c)?+6,(n+c)4 © 


Letting M, N, P, Q, R, S, denote wave-lengths and m, n, p, q, 1, s, 
the corresponding series numbers, the equation for c becomes 


| M(m+c)4, (n+c)4, P(p+c)?, (q+c)?, R, 1 | =o. 


Expanding the binomials and making use of the fact that a deter- 
minant having two (or more) identical columns vanishes, a complete 
sextic in c is obtained having 36 determinants, each of the sixth 
order, involved in its coefficients. If it were possible to transform 
this sextic so as to cause all of the wave-lengths to be present 
(preferably as binomial differences) in one term alone, as is the case 
with Thiele’s quadratic, only one complicated coefficient would 
have to be evaluated in a given numerical case and the required 
root of the sextic might be obtained without too much labor by 
applying Horner’s method of approximation. As a matter of fact 
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the coefficients of c®, c5, and ct may be reduced to 64A, 644+ Dm, and 
164] (Sm) =mn+> | respectively, where 

A= | M,1, Pp, ¢@, Rr, s | 
A’= | M, 1, Pp, @, Rr, s | . 


Division of all of the terms of the sextic by A still leaves an irre- 
/ 


ducible function of wave-lengths, namely A’ in the coefficient of c*. 


As might be expected, the literal coefficients become more involved 
as the power of c decreases. 

In his study of the a, 8, yl, el, ell, and ¢ series of the carbon 
band at A 5165, Thiele found it necessary to take r= 3 in formula (2). 
To determine c by the elimination of the seven remaining parame- 
ters, eight wave-lengths would be required and an equation of the 
twelfth degree in c would have to be solved. The coefficients of 
this equation would involve 576 determinants, each of the eighth 
order, after all zero determinants had been culled out. It is there- 
fore evident that the second general method proposed for finding 
the value of c is entirely out of the question. Furthermore, both 
of the methods suggested in the foregoing paragraphs are open to 
the objection that they require the assumption of some special type 
of function, such as formula (2), and hence may restrict the gener- 
ality of the hypotheses associated with 


A=f[(n+c)?]. 


The principle of the third method is perfectly general in so far 
as it depends solely upon Thiele’s two fundamental hypotheses, 
namely: (a) only even powers of m+ are involved in the function 
for A, and (6) cis a constant for any one band series. More specifi- 
cally, if \=/[(m+c)?] be plotted in rectangular co-ordinates, the 
locus obtained will be symmetrical with respect to the straight line 
whose equation is n= —c (AV, Fig. 1). The two branches of an 
ideal Thiele band series (shaded off toward the shorter wave- 
lengths) would then have the general form of the curve BVF. The 
points of inflection correspond to the maximum first-differences of 
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wave-length approached in some bands and realized in the third 
cyanogen group. A straight line parallel to the axis of m, and at a 
suitable distance therefrom, will intersect the curve in two points, 
suchasDand E. Hence, if m and n’ denote (the algebraic values of) 
the abscissae of any two points on the curve which have the same 
value of X, it follows at once that c=—43(n-+n’). [GH=c, HE=n, 
DH=-—n’.| In the case of any series whose wave-lengths have 
been accurately determined there is no inherent difficulty associated 
with the calculation of m and n’ corresponding to a chosen numerical 
wave-length. It is only necessary to evaluate the coefficients of 





Be! 
Vv: 











any simple, convenient interpolation formula which represents a 
curve PQ fitting the locus of actual wave-lengths sufficiently closely 
over a limited range of spectral lines, such as FL or BM. In other 
words, the value of c may be obtained by taking an adequate num- 
ber of terms of the power polynomial A\=a,+an+a,.n?+ 

+a,n*, determining the coefficients, a, a,, ... . a from the 
known wave-lengths, substituting for \ an arbitrary wave-length 
(OH), and solving for m. Then, using the same value of A and 
repeating the process for the negative quadrant, the corresponding 
value of n’ is computed. Knowing n and n’, c follows immediately 
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from the relation c=—3(n-+n’). If the numerical data were per- 
fect and Thiele’s hypotheses correct, it would only be necessary to 
evaluate c for one value of X, that is, for one pair of corresponding 
intervals on the two branches of the curve. If the hypotheses are 
rigorous but the wave-lengths slightly in error, several pairs of 
segments along the curve can be used and the mean of the slightly 
differing values of c formed. If, on the other hand, the general 
function /[(m+c)?} does not represent very closely a law of nature, 
the variations of c along the curve will bring this fact to light. 
Furthermore, the disadvantages arising from determining the 
coefficients of the interpolation formula by causing its curve to pass 
exactly through an equal number of experimental points may be 
avoided by making use of the method of least squares. By so 
doing, a comparatively small number of terms of the polynomial 
may be taken and the coefficients determined from a larger number 
of wave-lengths. In this way the influence of the unavoidable 
accidental errors of the experimental data will be minimized. In 
the present paper attention is focused primarily on the relative 
values of c at different places along a given series, and hence it is 
not necessary to know how many lines are comprised in the usually 
congested region of the head of a band or even if the band has a 
head of finite intensity. The difficulty of choosing between several - 
values of c which are in a sense complementary is thus avoided. 
It is essential, of course, to number the lines of the same series con- 
sistently. Since, under these circumstances, relative ordinal num- 
bers alone are of significance and since n and n’ have opposite signs, 
it is always possible to transform the co-ordinates involved in the 
interpolation formula so as to use small ordinals (1, 2, 3, . . . .) 
instead of the larger values (160, 161, 162, . . . .) pertaining to 
the lines of long series.‘ This fact reduces enormously the labor 
involved in the calculation and solution of the ‘“‘normal”’ equations. 

The plan to be followed in the general case having been out- 
lined, attention will now be directed to the details of the applica- 
tion of the method to numerical problems. As stated in an earlier 
paragraph, the equation 

A=a,.tan+amn?+ .... +a,n* 
1¢=—4[(n'+m)+(n—m)]. 
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may be used to advantage as the interpolation formula. Before 
making any computations, however, it is necessary to find out how 
many terms of the polynomial will be sufficient. By actual trial 
the writer has found that the parabolic equation 


A=do+an+a,n? 


gives perfectly satistactory results. As a matter of fact this tri- 
nomial has worked so well that it was not deemed worth while to 
test an equation containing m’. It is not surprising that the para- 
bolic formula is sufficient, in the case of band series, for two reasons. 
In the first place, the law of Deslandres holds very well near the 
head of a band and, for short intervals, it makes no appreciable 
difference whether wave-lengths or the reciprocals of wave-lengths 
(“frequencies”) be used. Secondly, far away from the head (E 
and D, Fig. 1) the parabolic segments twine around the positive 
and negative branches of the m\ curve in such a manner as to pro- 
duce, at worst, a differential error in the calculation of c. In other 
words, the numerical values of » and n’ corresponding to the same 
value of \(OH) are both larger or both smaller, by approximately 
equal amounts, when obtained from the interpolation parabolas 
than they would be if derived from the (unknown) equation of the 
series. Therefore the first-order differences practically cancel out 
in the expression for c, namely —3(n+n’). Moreover, for one 
parabola alone even the first-order divergence becomes negligible 
near the middle of the interval of wave-lengths employed in com- 
puting the normal equations. 

As a concrete example, let the following wave-lengths, which 
Thiele has computed for the a series of the \ 5165 carbon band, be 
taken. (The object in using ideal wave-lengths instead of experi- 
mental data is to illustrate the manner in which the least-squares 
parabolas thread the curve given by formula (2) when the idiosyn- 
crasies of the individual wave-lengths have been removed.) 

In the first and second columns of Table I are given the series 
numbers used in the present calculation and by Thiele respectively, 
while the third column contains the wave-lengths computed by 
Thiele from formula (2). Instead of using the equation 


A=d,.+a,n+ an? 
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just as it is written, the arithmetical work can be very appreciably 
reduced by replacing a, by a’+)’, where ’ denotes the wave- 
length of a line at, or near, the middle of the group. The equations 





TABLE I 
" = \ideal Aideal ~Aparab 
og Sree +36 5003. 278 +0.0044 

err 37 4994.688 — .0043 
, Mee 38 4985 .920 — .0049 
as. canes 30 4976.976 + .0005 
DS Kaieig ors 40 4967 .864 + .Oo4I 
rs 41 4958.585 + .0047 
| ee 2 4949 .140 —0.0045 





of condition will then have only differences of wave-lengths for their 
constant terms, thus: 


a’+n + a,+n? + a,=A—N’. 


In the numerical example proposed \’= 4976.976 and the equations 
of condition become 


a’+1a,+ 1€,.=+ 26.302 

a’+2a:+ 44.=+17.712 

a’+3a:+ 9a.=+ 8.0944 

a’+4a,+ 16a ©.000 

, 

a+5a:+254.=— 9.112 

a’+-6a:+ 36a,= — 18.391 " 
a’+74:+4942.= — 27.830 


Hence, the first normal equation is 
7a'+ 28a:+ 1404,= — 2.375. 


Much time and labor can be saved by solving a set of normal 
equations with literal coefficients and computing, once for all, the 
constants which do not involve the wave-lengths. Let the right- 
hand members of the three normal equations be symbolized by 
S, T, and U, respectively. (S=—2.375, T=—262.158, U= 
—2075.900, in the illustration.) The solutions may then be 
written as 
a= 5 (5 S+hT+u,U) 
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and 
a,= 5 (55+ T+u,U). 


a’ may be found most conveniently by substituting the values of 
a, and a, in the first normal equation. 

Since it is possible that other computers may desire to follow 
the method of calculating c suggested in this paper, the constants 
corresponding to 7, 8, 9, 10, 11, and k& consecutive ordinal numbers 
have been collected in Table II. As implied above, the wave- 
lengths are to be numbered 1, 2,3, ..... Under these conditions 


q’ = =l6oS— 3h(k-+ 1)a,—k(k+1)(2k+1)ay]. 


In the concrete example 


243.14 175.2215 1.784 
/ 2 
7 21 21 





so that the point on the parabola corresponding to n=4 has the 


104,516. 507 


ordinate \,= The next step consists in calculating 


21 
the coefficients of the parabolic equation pertaining to the lines 
whose series numbers are — 37, —38, . . . . , —43. Whenthis has 


been accomplished the value of \, is substituted for \ and the 
resulting quadratic in m’ solved. In the case in question, the 
required root is n’=—4.53173; consequently c= —}(—4.53173+ 
4)=0.26586. The value of c used by Thiele in equation (2) was 
©. 266, hence the new method leads to a result which is too small by 
only 0.05 percent. For practical purposes the agreement may be 
considered perfect. (The concordance might have been even better 
if Thiele’s ideal wave-lengths had been recalculated.) 

It is now appropriate to present the results obtained by applying 
the processes just explained to two independent sets of experimental 
data, namely, (a) the a and 6 series of the \ 5165 carbon band cal- 
culated by Thiele, and (b) the series starting from the first head of 
the cyanogen band at A 3883. In the first case it will be shown 
that c is not constant, and in the second, that the two series emana- 
ting from the head are not the positive and negative branches of the 
same series. 
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Since the wave-lengths at Thiele’s disposal were not as accurate 
as the later values determined by Joseph Leinen,’ use has been made 
of the more recent data in the computations. The second column 
of Table III contains the ordinal numbers assigned by Thiele to the 
spectral lines whose wave-lengths have been used by the author in 
computing the coefficients of the least-squares parabolas for seg- 
ments of the positive branches of the series. The corresponding 
ordinals of the negative branches are given in the third column. 
Each value of ¢ recorded in the fourth column was calculated from 
the two parabolas based on the data associated with the numbers 
in the same row and in the preceding columns. 

TABLE III 








Series + on“ )rdinal — Branch-Ordinal Nos. ( Wave-Length Interval 
G2. Boe. OY B p 0 @ ee ~= @ ©. 2632 , : 
’ 97) \ 5x 8-5153.38 
a See oe , —10 2633 {> 14 -4409-5153. 3050 
a...i+9,...., +16'— 9,...., —16 2696 ' 
5155-7 5129.5 
B. ci , . so oy PIG 10, . . 2 —17 2625] (5155 -740-5129. Sor 
@.../-+-20,...., +26/—20,...., — 22, 24, «20+; —27| .2666) 5116.003-5075.507 
a@...1+36,...., +42/—36,.... >» 42 2684 - 
x ‘ = — SSc 
ef ee x et * —43 2686 5907 .974-4944 5 
J. + 8,...., +18|— Oe cae —18 2499 5156 296-5119 417 
8. . .|$23, - - » + $29/—23,-- - -» — 29 2417) 5095. 397-5052.823 
8... .)+35, +++ +» H41/—35,---- » —41 2375) 5009.632-4951.622 
6. 52,- ++, —57, —59, —00 ©. 2344; 4843.180-4746.602 


[$2 + so ey FOOl—! 


| 


In three cases two parabolic equations for the negative branch 
were calculated in order to find out how much alteration in the value 
of c would be produced by a slight shift in the position of the nega- 
tive interval with respect to a fixed region on the positive branch. 
As anticipated, the change in c is negligible, since it amounted to 
only 0.0002, or 0.075 per cent in the most unfavorable case. In 
the fifth and bottom rows of the table it will be noticed that lines 
— 23 and —58, respectively, were omitted. This was done because 
the wave-lengths given by Leinen are displaced too far with respect 
to their neighbors to justify the inclusion of the data in the least- 
squares calculations. The numbers in the fourth column show 
conclusively that c is not strictly constant for the a and 6 series 
of the \ 5165 carbon band. In the case of the a series the phase 


t Zeit. wiss. Phot., 3, 137, 1905. 
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increases from about o. 263 to 0.268 at least, while for the 6 series 
it decreases from 0.250 to 0.235, or less. The values of c used by 
Thiele were 0.266 and 0.2445 for the a and 6 series, respectively. 
As suggested in an earlier paragraph, it is probable that Thiele’s 
method of computation would lead to a sort of integrated average 
value of the phase. This supposition is not inconsistent with the 
fact that the average of the extreme values 0.2625 and 0.2685 
equals 0. 2655, which happens to agree with o. 266 almost exactly. 
Likewise, for the 6 series }(0. 2499+0. 2375) =0. 2437, which is only 
©.33 per cent less than 0.2445. In this comparison the interval 
—52 to —60 was omitted because the wave-lengths of these faint 
lines were not at Thiele’s disposal. In any event, the writer desires 
to lay special emphasis on the fact that the variations of c, as shown 
by the numbers in the fourth column of Table ITI, are real and not 
fictitious. In other words, these variations arise neither from the 
irregularities and small anomalies of the wave-lengths nor from the 
use of only three terms in the interpolation formula. Of the various 
crucial tests which have been made in this connection the following 
one is alone sufficient to remove all suspicion. The average 
(o. 2629) of the first four values of c given in Table III was taken 
as standard, because the lines near the head of the band fit the 
parabolic interpolation formula very closely; and then the correc- 
tion e, which would have to be applied simultaneously to each and 
every one of the seven lines +36 to +42 to change c from 0. 2686 
to o. 2629, was calculated. In other words, e denotes the displace- 
ment of the entire group of seven lines of the positive branch rela- 
tive to the corresponding group (—37 to —43) of the negative 
branch, required to give c=0.2629. It was found that e= 
+o.104 A, which is altogether too large to be accounted for on any 
reasonable basis. On the one hand, the wave-lengths cannot be 
relatively displaced by o.1 A because one of the primary objects of 
Leinen’s work was to determine their values as accurately as pos- 
sible. He gives his experimental data to thousandths of an ang- 
strom unit and hence the relative errors should not exceed 0.01 A 
at most. Moreover, the errors would not all be of the same sign. 
On the other hand, the parabolic equation used in the present com- 
putations cannot be responsible for the large value of € because the 
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arithmetical sum of all the fourteen residuals (Acai. —Aops.), for both 
the positive and negative branches, amounts to 0.0927 A, which is 
less than o.104 A. The just comparison, however, would be 
between 0.007 A (0.093+14) and 0.104 A. These two numbers 
are not even of the same order of magnitude. By applying the 
same test to the 6 series it was found that every one of the nine 
lines from +52 to +60 would have to be translated to shorter 
wave-lengths by 0.355 A in order to change c from 0.2344 to 
©.2499. The arithmetical sum of the eighteen residuals (inclusive 
of the anomalous value +0.052A pertaining to line —58) is 
0.2918 A, which is distinctly less than 0.355 A. The average 
residual is only 0.016 A instead of 0.355 A. 

Attention will now be turned to the series emanating from the 
first head of the cyanogen band at A 3883. In this case, it will not 
be necessary to make use of wave-lengths given by other observers 
because the author has personally taken more than thirty negatives 
of this band in the third order of Rowland’s best grating, which has 
20,000 lines to the inch and a radius of curvature of about 21 feet. 
Moreover, some of the wave-lengths have been determined by the 
writer and all of the lines have been measured and studied very 
carefully by R. A. Patterson in this laboratory. 

Judged by appearances, only two series start from the head 
near \ 3883. One series consists of doublets, which are very 
intense near the head, but which gradually decrease in strength 
until they fade out or get lost by superposition with lines of other 
series at the ordinal number 46. The other series (known as the 
Kayser and Runge series) starts out with single lines which are 
eventually resolved into close doublets. Under the experimental 
conditions, the lines of this series remain single beyond the more 
refrangible end of the doublet series first mentioned. The fact 
that the doublet series does not furnish data for the calculation 
of the phase beyond line 45 is very disappointing because the 
singlet series can be accurately measured to line 168. Moreover, 
it is rather unsatisfactory to be under the necessity of comparing 
resolved doublets with lines which are photographically single. 
The best that can be done is to calculate c from the axes of the single 
lines (positive branch) and the centers of each of the components 
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of the doublets taken as separate series (negative branches). Even 
under these unfavorable conditions it will be shown that the singlet 
and doublet series do not lead to constant values of c and hence 
do not constitute branches of single series according to Thiele’s 
definition. 

In order to show how extremely well the least-squares parabolas 
fit the experimental data, the results obtained by subtracting the 
observed values of the wave-lengths from the calculated numbers 
are given in Table IV (in the columns headed A). The wave- 
lengths corresponding to the parenthetical residuals were not used 
in the computations because the spectrograms indicate that the 
lines are either anomalous or confused with lines of other series. 
The bottom row contains the figures obtained by substituting the 
residuals in the usual formula for the probable error of a single 
observation. The subscripts , and , refer to the less and more 
refrangible components of the resolved doublets, respectively. 





























TABLE IV 
n \ n’ A n A n A n A 
+15 | —0.0024 ||—15:| +0.0016 | —152| —0.0006 |+37 0.0000 ||—371| —0.0009 
+16 | +0.0025 |—16;| —o.0018 | —16,| +0.0008 |+38 | +0.0007 ||—38;| +0.0003 
+17 | +0.0011 | —17;| +0.0004 | —172| +0.0006 |+39 —0.0091 || — 30: +0.0024 
+18 | —o0.0006 || —18,|} —o.0008 | —18, ©.0000 |+40 | —0.0024 ||—40;| —o.0016 
+19 | +0.0006 |—19;| —0.0005 ||—192| —0.0013 ||+41 | +0.0008 ||—41;| —0.0007 
20 |(—0.0096))|— 20;| +0.0004 | —202| —o.o0011 |+42 | +0.0024 ||\—42:| +0.0001 
21 | —0.0010 ||—21;| —0.0002 |—2I2z| +0.0025 ||+43 | —0.0015 || —431|(—0.055: 
22 | —0.0006 ||—22;| +0.0018 || —222| —0.0004 ||.....].......... —441| +0.0003 
23 |(+0.0045)||—232| —0.0006 ||— 232] 40.0017 |}.... 01... . eee elle eee ele e eee eee. 
24 | —0.0006 ||— 241} +0.0005 || —242| —O.0030 |].... 2]... . cece ete l ee ele wee eee eee 
25 | +0.0010 ||—25:| —0.0008 ||—252| +0.0074 ||.....]..........]]..... ep Se Bre 
0.0010 ¢.. | 0.0007 || €...| 0.0010 | €...}| 0.0011 || e€...| 0.0009 
The value of the phase obtained from the groups +15,... . , 
+19, +21, +22, +24, +25, and —15;,...., —25, is 0.1667. 
The intervals +37, ...., +43 and —37;,,...., —42:, 44: 
give c=o.1515. In like manner the same groups of the positive 
branch combined with the sets —15,,...., —25, and —37., 


. , —422, —44. lead to c=0.0950 and c=o. 1047, in the order 
named. Hence, on receding from the first head of the band, the 
phase decreases for the less refrrangible components of the doublets, 
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but increases for the components of shorter wave-length. The 
deviation from the mean is 4.8 and 4.9 per cent for the larger and 
smaller pairs of values of c respectively. In order to change the 
value of c from 0.1515 to 0. 1667 all the lines of the group +37 to 
+43 would have to be displaced toward the shorter wave-length 
side by 0.025 A, the set —37:, .... , —42:, —44:, being looked 
upon as fixed. Similarly, a translation toward the red of 0.016 A 
would have to be given to the entire group +37 to +43 in order to 
decrease the phase from 0.1047 to 0.0950, the set —37.,...., 
—42., —44, remaining stationary. — If the lines of the branch which 
has been taken arbitrarily as positive (with no loss of generality, 
however) are really single, then the conclusion follows at once that 
the wave-length corrections are altogether too great to admit of 
the hypothesis that this series is related to the series of resolved 
doublets according to Thiele’s method of combination. On the 
other hand, if the singlets are actually unresolved doublets, then 
two cases require consideration: (a) the less and more refrangible 
components of the discrete doublets are to be coupled with the less 
and more refrangible hypothetical components of the positive 
branch respectively; (6) the longer and shorter wave-length com- 
ponents of the resolved doublets correspond to the shorter and 
longer wave-length components of the unresolved series, in the 
order named. From general physical considerations case (a) seems 
to be the more reasonable. Moreover, Thiele himself combines 
the doublets of the \ 5165 band according to this plan. Under 
these conditions each of the numerical corrections 0.025 A and 
0.016 A would have to be increased, thereby strengthening the 
evidence against the correlation of the positive and negative 
branches. On the other hand, it is only fair to examine the second 
possibility quantitatively. 

In the first place, in the region between the first and second 
heads of the band the lines of the Kayser and Runge series are 
comparable in width with the components of the resolved doublets. 
If then the observed singlets are truly doublets, their hypothetical 
components must be extremely close together so that no sensible 
error can arise from treating the lines in question as if they were 
rigorously single. In other words, it is perfectly safe to consider 
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the phase values 0.1667 and 0.0950 as correct and to investigate 
the possible duality of the broader single lines of the set +37 to 
+43. According to the present calculations each of these lines 
should consist of a pair about 0.041 A apart. The less refrangible 
component should lie on the longer wave-length side of the axis 
of the broad singlet and at a distance of 0.016 A from this axis. 
Similarly the more refrangible component should be situated on the 
shorter wave-length side of the center of the unresolved singlet and 
at a distance of 0.025 A from this center. Hence, the mean posi- 
tion of the hypothetical doublet would be displaced from the middle 
of the singlet by 0.0045 A (toward the more refrangible edge). 
This hypothesis is untenable for several reasons, namely: (a) expo- 
sures of different lengths do not indicate any asymmetry in the 
singlets, (b) when the Kayser and Runge series eventually becomes 
resolved into doublets the components have sensibly equal widths 
and intensities, and (c) the residuals of the lines in question (see 
Table IV) show that the members of a group of seven or more lines 
cannot all be displaced in the same direction by as much as 0.0045 A. 
The conclusion, therefore, that the singlet and doublet series start- 
ing from the first head of the \ 3883 cyanogen band do not form 
the positive and negative branches of a complete Thiele series is 
thoroughly justified. 

In the cases of the a and 6 series of the \ 5165 carbon band and 
the series from the chief head of the \ 3883 band, the only way left 
to make the phase constant is to assume either that c=o or that 
c=o.5. These values of the phase mean that the lines of the series 
are made to coincide either with themselves or with the adjacent 
lines of the same series. Such a special arrangement is, of course, 
always possible. If it had been found that c was strictly constant 
and had a value different from o or o. 5 for a large number of bands, 
then self-conjugate series might occur in a relatively small number 
of cases as 4 consequence of special conditions in the radiating sys- 
tems. Since, however, it has just been shown that c is not constant 
for the series examined, and since doubt is thereby thrown on the 
constancy of the phase for the remaining series computed by Thiele, 
the values o and o.5 for c lose their significance as special cases 
and assume the aspect of artificiality. Conformable to strict logic 
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Thiele’s hypotheses can be disproved in only two ways: by theoreti- 
cal considerations based on the laws of radiation or by an examina- 
tion of all bands capable of existence. From this point of view 
nothing can be done at the present time. On the other hand, in 
the opinion of the writer, the evidence adduced in the foregoing 
paragraphs throws enough doubt on certain of Thiele’s hypotheses 
to require new evidence in their favor before they can be considered 
tenable. 

In conclusion, a few additional comments will be appended 
which confessedly bear the imprint of personal opinion. Thiele’s 
computations gave apparently constant values of the phase for two 
reasons, namely: (a) the method employed led to mean values of 
c, and (b) the agreement between the calculated and the experi- 
mental wave-lengths appeared satisfactory because the data at 
his disposal did not attain to the degree of accuracy which charac- 
terizes the more modern work. Moreover, a small error in c would 
constitute a still smaller percentage error in +c, especially for the 
higher values of the ordinal m, and consequently formula (2) could 
reproduce the wave-lengths fairly well. No importance attaches 
to the fact that Thiele predicted the wave-lengths of faint lines 
which were found later by Leinen, because this could have been 
accomplished (with much less labor) just as well by extrapolation 
with a power series, involving only five terms," for the positive and 
negative branches taken separately as natural series. The con- 
stancy of c, within the limits given above, is nothing more than the 
analytical expression of the well-known fact, pointed out by 
Deslandres, that series starting from the same head of a band run 
approximately parallel courses. Formula (2) owes its flexibility to 
the fact that it is the most general rational, algebraic function of 
even degree in m+c. Doubtless Thiele chose this form because, in 
general, the curve possesses a point of inflection and is asymptotic 
to the “‘tail’’ wave-length 

Pe en on 
l, 
Nevertheless, with eight parameters (r=3) formula (2) does not 
predict the wave-lengths of the “tails’”’ of the series successfully. 
tSee H. Kayser and C. Runge, Abhandlungen der kaiserlichen Akademie der 
Wissenschaften, Berlin, 1889, Anhang, p. 31. 
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In the third column of Table V may be found the wave-lengths 
which the writer has computed from Thiele’s own coefficients by 





TABLE V 
Series “Xo” “Tail” 
a.. ; ahd 5105.1733 2703.712 
eo Fei aver 5165.5911 2768.712 
yi. ; 5163. 7023 1759.026 
ee vated 5166. 2211 2128. 362 
er e 5164.9003 2234.961 
eae ee ee 5130.5489 2712.408 


putting =~ in formula (2). Aside from the relatively trivial 
fact that these wave-lengths are not mutually consistent, the pre- 
dicted limits fall in a region of the spectrum where no tails have 
ever been found. In this connection, it is but fair to give the 
following quotation from Thiele’s second paper :* 

Upon the whole it must be evident that these systems of constants are by 
no means to be considered as definitive and reliable for speculations regarding 
the true properties of the law of spectral series. The main interest of my 
computations is not to be found in these constants, but in the tables of 
computed wave-lengths founded upon them. 

SUMMARY 

1. The two older methods for calculating the ‘‘phase”’ c of a 
band series are shown to be too complicated for practical purposes. 

2. A new and relatively simple method for evaluating c at 
different places along a band series is developed. 

3. Details of the practical application of the third method are 
given. 

4. The phase is shown to be variable, within specified limits, for 
the a and 6 series of the \ 5165 carbon band, investigated arith- 
metically by Thiele. 

5. The two obvious series starting from the first head of the 
3883 cyanogen band are shown to be unrelated according to 
Thiele’s scheme of combination. 

6. Various lines of evidence are presented to indicate that some 
of Thiele’s hypotheses are invalid. 

SLOANE PHysICAL LABORATORY 

YALE UNIVERSITY 
May 1915 


t Astrophysical Journal, 8, 12, 1898. 











EFFECTIVE WAVE-LENGTHS OF 184 STARS IN THE 
CLUSTER N.G.C. 1647' 
By EJNAR HERTZSPRUNG 
I. THE OBSERVATIONS AND THEIR REDUCTION 


The following pages contain the details of my determination of 
effective wave-lengths in the cluster N.G.C. 1647 (4"40™,+109°) 
briefly described in Yearbook, No. 12, p. 222, 1913, of the Carnegie 
Institution of Washington and referred to by Seares in his paper 
“The Color of the Faint Stars”’ in this Journal (39, 361, 1914). 
The instrument employed was the 150-cm (60-inch) Mount Wilson 
reflector diaphragmed down to 100 cm (40 inches) aperture in order 
to increase the diameter of the useful field. 

Over the end of the tube of the reflector was placed a grating? 
consisting of overspun rubber cords 3 mm thick separated by free 
spaces of the same width. This grating forms short spectra on 
both sides of the central star image as shown in Fig. 1, which is 
enlarged 3.3 times from the original plate. The focal length of the 
reflector being 7606 mm (299.5 inches), the distance between the 
centers of the two spectra of first order is about 1 mm (0.04 inch). 
When the diameter of the wires of the grating is equal to the spaces 
separating them, all the spectra of uneven order are at their maxi- 
mum intensity and all those of even order disappear. In this case 
the spectra of first order are 7? times or 2.486 mag. fainter than 
the star image without grating. As the spectra with the disper- 
sion here used are somewhat elongated, especially for the whiter 
stars, it will be safer to say that the limiting magnitude down to 
which, for a certain exposure time, effective wave-lengths can be 
determined is about 3 mag. less than that for which, under the 
same conditions without grating, measures of position can be made. 

* Contributions from the Mount Wilson Solar Observatory, No. 100. 

2 Made by Toepfer of Potsdam. 

3 As the spectrum of a red star is sensibly shorter than that of a white one, the loss 
in light from elongation of the spectra is somewhat smaller for the red than for the 
white stars. It will therefore be possible to measure the effective wave-lengths of the 
former down to a magnitude a little fainter than in the case of the latter. It is easy 
to avoid an undesirable selection caused by this phenomenon by measuring only 
to a certain intensity of the central image. 


92 











EFFECTIVE WAVE-LENGTHS OF STARS IN CLUSTER 93 


Fig. 1 shows the appearance of two stars.of extremely different 
color. The objects are B.D. +9°4367, which is a white star, and 
B.D. +9°4369, which has a spectrum of the fourth type. The 
plate received five exposures of 360, 114, 36, 12, and 4 seconds, 
respectively, so that one step in the exposure time corresponds to 
o.5 in its logarithm or to about 1 mag. in intensity. The faintest 
images are not visible in the figure. A line is drawn between the 
images of longest exposure for the two stars. The distance is 
12.58 mm on the original plate, or 34171 according to the A.G. 
Catalogue. Visually the two stars are of equal brightness—mag- 





. . . e 
rf ~ : +9° 4367 


+9°4369 











Fic. 1.—Central images and first-order spectra 


nitudes 8.5 and 8.7, according to the B.D. and magnitudes 8.6 
and 8.4, respectively, according to A.G. Leipzig. Photographically 
the difference is about 2 mag. in accordance with the difference 
in color. 

It is seen at a glance, that the distance between the centers of 
the two spectra of first order is greater for the red (+9°4369) than 
for the white (+ 9°4367) star, owing to the difference in spectral 
distribution of energy. This distance between the two spectra 
determines the effective wave-length and may be taken as an 
equivalent of color. The mean error of one such distance for well- 
exposed images is about +6y, corresponding to + 26A in the effective 





Sn ee te 


pears 


a - 


94 EJNAR HERTZSPRUNG 


wave-length." The effective wave-lengths of the two stars shown 
in Fig. 1 are found to be 4280 A for the white star B.D. +9°4367, 
and 4590 A for the red star +9°4369, the difference being 310 A. 

The difference in effective wave-lengths for stars of spectra 
A and K is about 200 A, while the corresponding difference in color- 
index, Mpzg—Myis, is 1 mag. The mean error = 26 A in one effective 
wave-length therefore corresponds to a mean error of 0.13 mag. 
in the color-index. 

The effective wave-length varies not only with the color of the 
star but also sensibly with the strength of the spectrum image. 
To be considered as a color equivalent, therefore, a correction is 
needed to reduce the measured distance between the two spectra, 
or the effective wave-length, to a normal intensity of image. This 
correction will vary with the instrument (reflectors or refractors 
of different achromatization and focal length), the spectral sensi- 
tiveness of the plate, and the color of the star. Its accurate 
determination requires an undesirable increase of work. I there- 
fore preferred to take several photographs of the same region with 
different exposures, and on each plate to measure only those spectra 
which are approximately of normal strength. Actually the 


longest exposure given to the plates used in this investigation was 
30 minutes, which with 9. 5 and 3 minutes, and 57, 18, and 6 seconds, 
forms a geometrical progression, the logarithm of whose constant 


ratio is 0.5. 

The intensity of images just well exposed was taken as the 
normal. One effective wave-length from an image of normal 
intensity was given weight 6; and effective wave-lengths from 


*This accuracy, as is to be expected, is of the same order of magnitude as that 
attained in the photographic measurement of double stars. With the Copenhagen 
refractor a= 20cm, f=48o0 cm, I found for one exposure, on the average, a mean error 
of +4.2- for the distance between the two components of a double star. With 
the s50-cm Potsdam refractor a=50 cm, f=1250 cm, I found the corresponding 
mean error to be 4.5. 

2 From all this it appears that the zero-point of the effective wave-lengths is to 
a certain extent arbitrary. It would be practicable to define the color-indices and the 
effective wave-lengths in such a way that the indices o mag. and +1 mag. correspond 
to effective wave-lengths of 4200 and 4400 A, respectively. To this end 34 A would 
have to be subtracted from all the effective wave-lengths given in this and in the 
following note. 
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images 1 and 2 mag. weaker or stronger than the normal intensity 
received weights 4 and 1, respectively, after the correction for 
deviation from normal intensity had been applied. No accurate 
knowledge of the correction to normal intensity is needed, there- 
fore, unless the stars are very bright or very faint. Only for the 
very faintest stars, which do not reach normal brightness even on 
the longest-exposed plates, is the correction of any importance. 

As an average, I found the effective wave-length to increase 
19 A for each magnitude of increase in the intensity of the image 
measured. This rate has been adopted for all stars of all colors.’ 

A chart of the stars in the cluster N.G.C. 1647, used in this 
investigation, is given in Plate I. The central star, No. 100, is 
A.G. Berlin 1290, 4"40™9%69, +18°56'19"1 (1900). The diameter 
of the inner circle is 40’ and that of the outer 1°; the central por- 
tion being, of course, in much better field than the outer zone, the 
results derived for the central stars are therefore the most reliable. 


TABLE I 


List OF PLATES 





Plate No. Date Midile of Bp. Exp. Time Kind of Plate 
1912 

BS Sok 5na strand pee - Oct. 13 5h23™ 30™ Lumiére = 
250.. = «<9 30 Seed 27 
25%... 6 20 9.5 Seed 27 
Ae Ore ee 6 33 9.5 Lumiére = 
Os eK, «x Ccu ees 16 6 14 30 Lumiére = 
554. . . 6 53 30 Seed 27 
523... 17 $45 9.5 Lumiére = 
324 5 2 40 30 Seed 27 
OO ERC Se ee Pea 3 4 9.5 Seed 27 
326 3 27 30 Lumiére = 
OG, Sk Meth one 4 11 4 Seed 27 
cod ere oe 4 26 ° Lumiére = 


* 2m 3m, 57%, 57%, 18s, 18s, 6%, 68. 


The plates used are listed in Table I. As will be seen, there 
are two complete sets, one taken on Seed ‘‘27,” the other on 

‘For further details of the method of effective wave-lengths see Potsdam Publ., 
No. 63, Part 1,1911. A list of the earlier literature is found in Astron. Nachr., 182, 301, 
1909. 


They were measured at the Astronomical Laboratory at Groningen on my 
return from Mount Wilson to Potsdam. 
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Lumiére “>” plates. The two sets have been treated separately. 
As an average, the effective wave-lengths reduced to the normal 
strength of image proved to be 29.51.5 A (mean error of median 
value) greater for the Seed “27” than for the Lumiére ‘‘”’ plates. 
Furthermore, there is a slight indication that this difference between 
the two sets increases about 2.9 A for each magnitude of decrease 
in brightness. The smallness of this magnitude equation is 
satisfactory. 

To reduce the effective wave-lengths to the same system, the 
Seed “27” plates were first corrected for the constant difference of 
29.5 A between the “2” and “27” plates. Secondly, the results 
from each kind of plate were corrected by half of the magnitude 
equation, or }X2.9 A per magnitude. Admitting that this mag- 
nitude equation arises only from errors of reduction in the two 
different sets of plates, the final effective wave-lengths are on the 
Lumiére “‘>”’ system. 

In this system I found from other plates an effective wave- 
length of 4234 A to correspond to a typical A star, the color-index 
of which Jy=m,,—myji,, Harvard,.is zero according to the Gétlingen 
Aktinometrie, B, 1912. It was furthermore found that a difference 
in the color-index Jy of 1 mag. corresponds to a difference in effective 
wave-length of 200 A. Hence we have the following formula 
for the relation between color-index, Jy, expressed in magnitudes 
and the effective wave-length \.g expressed in A: 

200 In = Ace — 4234- 


In Table II the reduced effective wave-lengths and their relative 
weights, as indicated above, are given for each set of plates sepa- 
rately. The weighted means contained in Table IV are the final 
values." 

It will be remembered that the weight 6 was assigned to an 
effective wave-length derived from a single image of normal 


™Star No. 218, which is 2’ inside the border of the field, has accidentally been 
omitted from this investigation. This mistake is of no importance for the general! 
conclusions. The star is included in the catalogue for the sake of completeness. No. 
219 was first called 218. For all other stars my original notation was kept in spite 
of there being a few objects which proved to be too faint for measurement of effect- 


ive wave-lengths. 
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TABLE II 


MEAN RESULTS FROM LUMIERE 


SEED 27 





4337 10 
334 22 
S11 17 
251 23 
257 28 
287 31 
592 Ir 
273 3° 
297 20 
337 3! 
386 | 3 
249 | 2 
324 | 16 
377 9 
277 33 
334 | 17 
330 9 
302 33 
430 
315 5 
338 
331 14 
241 27 
354 20 
272 20 
300 31 
2590 


Ae (Rel. Wt.) Agg Rel. Wt 


NO 


tw we ¢ 
e OMO 


a 
= 


ON NN He 
Own fe~AU DN HRW 


WwW nr 
#00 OW 


w 
O° 


28 


>> 


” 


STAR No. 


AaAananiannn 


nw 
Ooo on~ 


> 
— 


On Wn eH 


eae 


er 


65 
66 
07 


68. . 


sn OD 
Ou WN Oo 


sings 


ss 
oom 


Co Gos 
me OO 


eo oie 2) 
Ww NN 


AND SEED 


“cc 


Lumiére = 


27” PLATES 





Age = Rel. Wt. 
428 2 
331 14 
317 2 
389 | 30 
333 II 
324 12 
213 28 
589 : 
250 31 
254 29 
333 34 
339 II 
52 3 
318 15 
265 32 
284 | 32 
3°09 12 
207 
249 27 
459 
2 3° 
35 7) 
300 Io 
ee = 
258 28 
430 7 
251 30 
304 26 
284 I 
241 29 
323 13 
282 30 
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SEED 27 
Acq Rel. Wt 
43! 14 
597 7 
384 I 
345 22 
330 29 
412 29 
372 4 
337 22 
347 22 
215 29 
428 ° 
547 9 
235 3° 
401 I 
512 7 
251 29 
372 ° 
314 32 
332 22 
521 10 
322 25 
424 ° 
489 2 
257 3° 
277 3° 
347 O° 
353 22 
359 2 
562 2 
208 31 
251 30 
482 2 
352 : 
290 31 
358 | 17 
300 3 
348 19 
301 2 
287 32 
252 28 
404 19 
322 4 
33° 7 
252 29 
308 28 
347 9 
249 29 
320 24 
417 ° 
260 29 
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TABLE IIl—Continued 
Lumiére & SEED 27 Lumizre = SEED 27 
STAR No STAR No. = 
Aege =| Rel. Wt Act Rel. Wt Ae |Rel. Wt. Aes =| Rel. Wt 
a 288 ° 314 7 153 52 4 501 12 
eee 32 ° 368 Io 154 391 4 372 14 
ee ek Sheer ee 370 3 155 516 I 483 9 
ae 331 16 330 24 150. 403 I 
_ ae 510 21 515 27 157 
POs) 0s 6-0 263 29 268 30 158 338 3 
fe oh 0'as as 375 I 159 392 3 
108 406 3 463 12 160 321 ° 
Oe 287 32 306 32 161 432 ° 
IIo... 331 Io 343 19 162 370 4 
III 352 4 385 18 163 278 34 271 32 
ae 387 21 301 27 164.. 338 32 330 33 
| Eee eye aS 388 ° 105 307 31 287 31 
SOs weeds 332 15 327 24 166 311 33 207 20 
Se 203 28 292 30 1607 334 12 375 22 
gd EE, SE eS 408 ° 168 360 ° 
| > Sr 388 IO 393 19 169 357 8 334 16 
OS 311 25 306 27 170 433 ° 357 6 
. ee AS 484 ° 171 316 ° 342 7 
cua tee 371 31 388 31 172 | 287 30 287 32 
BBE bee 60d 359 IO 327 I7 173 351 ° 378 6 
a / 266 30 270 31 174 323 6 332 i fo) 
123...... 353 6 75 254 25 249 29 
SE oe a 333 ° 170 
T25.......| 498 16 512 21 177 449 I 
Lg i Pee eee 395 8 178 305 I 318 9 
ae eee 338 7 , 421 2 422 9 
a REP ET, eee 307 3 180. 355 4 
en ERR eee 510 ° 181 243 22 235 30 
. eee ee 429 ° 152 392 ° 
ar ee nee 326 4 183 325 5 309 8 
ee 30 282 30 184 308 26 303 30 
| <a 242 31 245 29 185 307 I 304 8 
ee ee 225 ° 186 326 19 3290 260 
135 355 2 347 10 157 300 5 350 rl 
Sn 344 II 327 19 _ 581 fe) 
137 266 3 256 30 59. .... 314 16 317 21 
_ Jee 205 29 299 31 ioe. ..... 228 17 207 25 
| er eas 439 5 402 I2 593. . 339 4 
_ SA EES, eet ee | Ig2 305 3 357 6 
_ ae _ ae 311 31 305 30 
142.. rier . 194 308 3 
ror 20 25 301 30 195 341 15 342 24 
. 25 32 207 32 Di sses% 325 8 352 10 
145.. 315 29 312 3 197 3905 3 
| ee 483 . Sere 301 32 278 32 
er ae 298 3 340 9 199 ig 352 ° 
148 346 6 313 II 200 461 21 468 27 
Pee 491 23 543 30 a 404 I 
a ne Sa j 3908 I Moo sic-6% 300 2 418 7 
By sdiese ct - S00 32 258 32 203 551 17 548 25 
ae ee 482 ° 204 382 2 403 7 ' 
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TABLE II—Continued 














Lumiére > SEED 27 LuMizre = SEED 27 
Star No. STAR No. ” 

Ae Rel. Wt. Agg |Rel. Wt Ae = |Rel. Wt. Agg |Rel. Wt. 
ee oe jae a iy vai 388 4 
Sr Meee ee ey 405 4 a aaa 299 ° 300 7 
207.....--). 374 6 See Pe, (rarer 382 ° 
ee 408 ° 216 306 21 32 28 
ee nit pe 7. ard eee 315 22 331 28 
210. 330 15 343 24 218.. ; Te eee 
See 558 25 570 31 SIR cans 339 10 334 12 
ae 22 325 28 


intensity, the mean error of such a result being about +26 A. 
From the differences between the values derived from the Seed “27”’ 
and the Lumiére ‘“‘>”’ 

6 is found to be 20 A. 


sets the mean error corresponding to weight 
There is 
some indication of a systematic error common to all effective wave- 
So far as the material goes, 
this plate error seems to be of the order of +10 A. 


The agreement is satisfactory. 


lengths derived from the same plate. 


II. DISCUSSION OF RESULTS 


The appear- 
ance of this diagram is very striking, the most curious fact being 
the lack of faint white stars. For a further discussion it must be 
remembered that the effective wave-lengths of the fainter stars, 
say below magnitude 13, are much less accurate than for the 
brighter ones. The ordinates of the dotted line in Fig. 2 indicate 
approximately the value of the mean error of the effective wave- 
lengths for different magnitudes. The faint stars consequently 
seem more scattered over the different colors than they really are. 


Fig. 2 is a graphical representation of the results. 


Everything taken into consideration, we may say: 

The fainter the stars in the region examined, the greater the 
minimum effective wave-length. This minimum value, which 
increases with decreasing brightness, is rather sharply defined, 
and scarcely any stars are to be found with effective wave-lengths 
less than this limit. 

The only faint star which is a pronounced exception to this rule 
is No. 190 of magnitude 12.40, showing an effective wave-lengt 


eeveeve 
eervere 


ee* 
. 


eeeeer 
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of only 4216 A; the next following of similar magnitude has 
an effective wave-length of 4316 A (No. 189), which is 100 A 
greater. The star No. 190 is found to be white on 6 plates, so that 
there can be no doubt about the reality of its exceptional color. 

The question arises whether this relation between apparent 
magnitude and distribution of colors is to be explained by selective 
extinction of light in space or whether it may be accounted for in 
other ways. It must be considered that the region in question 
includes stars belonging physically to the cluster and also other 
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Fic. 2.—Effective wave-lengths and photographic magnitudes in N.G.C. 1647. 
Dotted curve indicates mean error of effective wave-length. 


stars belonging to the system of the Milky’ Way. The galactic 
latitude is —15°. All the physical members of the cluster may 
be considered as at the same distance, and hence for these stars 
we should expect the relation between color and apparent bright- 
ness to be about the same as that found for other clusters like the 
Hyades between color and absolute brightness. For the other stars, 
belonging to the general system of the Milky Way, we may, from 
all we know, adopt a distribution in space which, in its first approx- 
imation, is defined by a rather sharp outer limit beyond which 
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practically no stars occur. That is to say, stars of a certain 
apparent brightness cannot have an absolute brightness greater 
than that corresponding to the limiting distance. The maximum 
absolute brightness must therefore decrease with the apparent 
brightness. 

Now for stars of known absolute brightness and color we find 
that the smaller the absolute brightness, the yellower is the mini- 
mum effective wave-length, and that only extraordinary stars 
occur which are whiter than the limit thus defined.'. Dividing the 
stars of N.G.C. 1647 into groups of 29 or 30, I find the following 
relation between apparent magnitude and the median value of the 
effective wave-length: 


| 
Pg. magnitude........ 10.02 | 11.45 | 12.40 13.06 | 13 74 | 14.20 | 14.45 


Eff. wave-length ....... 4260 4300 4327 4347 | 4364 4389 | 4396A 
ee RR Ee fas +4 ° —2 —2 | 


—6 +5 | +4A 


This relation as shown by the differences O—C is well repre- 
sented by the linear formula: 
Ag —4340= 30.5 (m—12.76). 


The increase in median effective wave-length for each magnitude 
decrease in apparent photographic magnitude is 30.5 A. It is 
remarkable that this rate, all uncertainties taken into consideration, 
is practically the same as that, namely 26 A per magnitude, found 
for stars of known absolute brightness and color within the same 
interval of effective wave-lengths (4260-4396 A).2. This is what 
we should expect for stars physically belonging to the cluster. 
But for the other faint stars we may also expect something similar, 
for it is a consequence of our ideas of the distribution of stars in 
space that the median distance of the fainter stars here in question 
will not vary much with the apparent magnitude.’ 

* See the following article. 

2See the following article. The fact that photographic magnitudes have been 
used here, and visual magnitudes in the following article, has been taken into con- 
sideration. 

3 The order of magnitude of this median distance of the fainter stars, say of mag- 
nitude 14, may be estimated in the following way. For stars of the photographic 
magnitude 14 we find the median effective wave-length to be 4378 A. It is obvious 
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We may therefore say that the results found in this note are 
in fair agreement with what we know about the distribution of stars 
in space and the relation between absolute brightness and color. 
They do not afford any evidence of selective extinction of light 
in space. 


III. DETERMINATION OF THE PHOTOGRAPHIC MAGNITUDES 

The photographic magnitudes used in this note have been 
determined in the following way: During the measurement of the 
effective wave-lengths, the diameters of the central stars were esti- 
mated. Assuming that a difference of o.5 in the logarithm of the 
exposure time corresponds to a difference of one magnitude, the 
estimates were converted into provisional magnitudes. These 
were used in the manner described above to reduce all the effective 
wave-lengths measured to the same intensity of image. For the 
more accurate determination of magnitudes in the central portion 
of the cluster, the following Schleussner plates were taken on 
January 14, 1913, by the ‘‘Halbgitter’’ method, with the 80-cm 
Potsdam refractor: 








Plate No. 
371 372 373 374 
IR os stac ces eiwes None None North South 
Exposure time............ 2X 10™ 30™ 30™ 30™ 





Semewen! time... ......... 3°23™ 352™ 4%59™ 5°552™ 


The plates were measured with the Hartmann micro- 
photometer. The zero point of the magnitudes was fixed by 


that the “‘giant”’ yellow stars will form only a small minority among the yellow stars 
here considered. Now for “‘dwarf”’ stars of known absolute brightness and color the 
effective wave-length 4378 A corresponds to an absolute photographic brightness 
(referred to distance corresponding to ™=1”) of about +0.5 mag. Assuming the 
same absolute brightness for the stars of magnitude 14 here considered, we find their 
median parallax to be o’002 and their median distance 1600 light-years. This is 
a plausible value. The parallax of N.G.C. 1647 itself may be estimated in the same 
way, supposing most of the tenth-magnitude A stars to belong physically to the cluster. 
Taking the absolute magnitude of these A stars to be —4, we find the parallax 
to be ‘0%0016. I imagine that the determination of effective wave-lengths of faint 
stars will be a valuable help in sounding the Milky Way in different directions. A 
considerable number of the plates I took at Mount Wilson are meant to serve this 
purpose. 
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TABLE III 
PHOTOGRAPHIC MAGNITUDES 
_ |Schleussner| 7 mitre =| 5S in _ | Schleussner | ares | § 

Star No. | "Hall; | Witimates | Estimates || Stir No. | "Halb;” | Eitimates | Estimates 
mag. mag. mag. mag mag. 

a Jovececece] E45 |] $2.--+-[--eeeeee. 13.77 13.70 
“ee 1 teeeee] 12.86 12.95 || 53.---- sa 1s ccdeaut 14.30 
a) See ie es pee 14.40 et Seen» | 12.40 12.42 
“ae ¥ Sasa 12.04 | 11.86 || 55.---- | «12.82 11.95 II.Q2 
oe smal haate aie aa pantech it 68.58 @ . See. ces 10.07 9.92 9.94 
eee ee ree | es teen -++| 14-45 ) See 5 QR ORG in wines 14.07 
Roem Hate nip | 12.04 | 12.42 || 58..... | 12.89 12.7 12.85 
en CO ee | @.82 | 9.08 er | 12.76 12.67 12.85 
is dies | 10.31 | 10.28 60.....| 10.04 10.03 9.94 
EO... ere 1n.50 | 11.31 re 14.5! fr ott ases 14.45 
ee Pes s ayaa tee jae eee 13.70 || 62.... 13.55 | 13.60 13.62 
i Se |i | 34.51 || 63..... SS 2 eee 10.11 
") ee: OE -.eeee] 12.76 | 12.64 || 64..... PETE Hr 14.30 
ee ene ae 0.50 |i 6s.....| 13-90 1 ag:97 | 18.99 
"on Cee Gee 9.82 :....) Ban wae 8.68 
eS dis aietee tarsin .00 1 st.00 8 @..:.4 Siete 14.45 
17. EOE, “alert | 14.35 68.... 11.00 | 10.95 II.O1 
: sesceeey 88.60 | 12.85 69.....| 12.81 | 12.76 12.85 
SE Sere ae | 10.22 10.28 || 70.... 13.48 | 13.60 13.53 
2 mag. | 12.50 | 42 53 7Z...0.1 S888 | SOlee 12.42 
21. 13.04 | 12.95 | 13.15 ee. ae 
22 Ee 10.95 30.98 |] 7B-----]ecescesesfoees teed 86.80 
23....-| 14.47 |---------] 14-51 74. 10.41 | 10.40 10.39 
fer 12.39 | 12.50 | 12.42 || 75.----| 10.09 | 10.22 10.17 
25. ae SAPs | 24.52 |] 76...--] 84-QD |o--scess 14.50 
ee 2.80 | 12.67 gS 8 ate | 12.82 | 12.76 12.75 
27. 11.32 | 2.33 Ir.21 || 75..... @ * Star 14.206 
A eee | 13.86 4.00 F Pics. a eer Ae 14.35 
29.. 14.17 | ...| 14.20 || 80.....| 11.50 | 15.50 11.62 
RY ere are | 14.07 | _ ae 9.37 9.27 9.41 
31. rear Coe cook S68 82.....| 12.64 | 12.67 12.64 
32 13.43 13.41 | 13.44 || 83....-| 14.23 |..---+--- 14.35 
33 12.62 | 12.50 12.42 . ee 11.31 II.31 II.42 
34 12.36 | 3.58 | 12.90 || 8s... 13.10 | 12.86 13.05 
ae 14.47 Joos eae)! oe eer ee oe eee 14.20 
; i 2 eer 1. age - G....] S298. bt 12.95 
14.01 | 13.77 | 13-78 || 88..... rere eee 14.30 
” ee ee 12.40 12.31 _ ee 10.79 10.95 10.90 
ae 10.16 10.03 | 9.94 OO.... 9.56 9.55 | 9.55 
eee oe eee | 14.20 OE es here eansean | 13.04 12.85 
| ae 12.25 12.22 | 2.3% ee | ‘eg.e8:.| Tecey 14.00 
roe 10.48 10.40 | 10.39 ORs cari 13.70 | 13.77 13.79 
G6; ix 11.66 11.50 | 11.62 hs gists 9 8.91 8.85 8.95 
44 BS.$E0 |... csccss] SHO. Yo Ghsesss] Sege |. see 12.09 
ee 10.18 10.13 | 10.17 See 13.970 | 123.97 13.70 
... 12.09 12.13 II.97 Se | 9.13 | 9.27 9.26 
ES Cee 12.13 | 11.86 "OAS | 12.69 | 12.67 12.64 
4B... 4:. 10.46 10.31 | 10.28 ” Se SA.48 tes ssnuses 14.50 
a:..< 13.80 13.36 | 23.70  200..:... 9.77. | 9.81 9.69 
EO bs cuit tone | 11.95 | 44.58 || tor..... 13.88 | 13.77 13.70 
51 s.a0 |. 25-08 1. 3g.59 eee 3.9 | 83.97 13.62 
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TABLE I1I]—Continued 
: Schleussner | os a ‘ ; Schleussner| 7 miare =| Seed 27 
Star No. a on eed gellectes | Star No. Pee Seakeetes az. 
mag. mag. mag. | mag. mag. mag. 
ee DN Ese aied ue oe 5a. 98. 7) 288... 13.64 | 13.78 13.44 
7 ar 12.64 12.59 12.53 Peas 5 14.44 14.35 
| Sey arr ee 8.85 Q9.02 |] 157.... 14.77 , 14.39 
108. .... 10.02 | 10.13 10.05 || 158.... 14.24 14.20 
Ae ie eerie 14.26 a 14.24 ; 14.20 
DUA. o's's 13.43 | 13.60 13.44 || 160.... 14.40 ,oost Se 
Ss 5 11.12 | 11.13 11.21 || 161.. e 14.45 
WU ec Biic oi 0.5 0% 12.76 Sh.e0 W tO8.... 13.78 14.00 
ee A eee 12.67 Sa.56 1 3e8.<.+..| 2.92 10.67 | 10.60 
+. eae II.95 12.04 13.30 i) 366.... II.22 II.22 II.11 
ae 14.32 pa tonsa dios 14.41 ss. 11.66 11.50 IIt.51 
re 12.54 12.50 12.53 Pees cice) 8.00 II.40 cs.30 
pa 11.76 11.76 11.86 } ea 12.68 12.69 
ee ae Aare 14.41 | SG5.... 14.42 14.45 
SOP .. 6:3 13.02 2.9 12.95 || 169.... 13.22 12.95 13.15 
fr 11.80 11.86 | 12.19 || 170.... 13.83 13.78 13.86 
SO... «- Sa | 14.44 | ER Gn 13.69 13.70 
ae 10.83 10.95 | 10.81 || 172.....] 10.83 10.95 10.90 
ee 13.00 12.77 ee 898.5... | 26.93 13.78 13.78 
ae 10.19 10.22 10.38 || {7@.....|] 23.27 13.2: 13.44 
ca.... eee RZ. 76: 37S... .-] 8.92 | 9.00 Q.25 
ae Ne ee 4.40 0 396:.... a rn a 14.00 
ee GIES ee (6.6) (6) 1 B99. ....1 2g. 32 = 14.30 
a 13.78 13.7 7S 2. 2: So ; 13.69 13.62 
re ee a See . 13.70 3. Se 13.61 13.69 13.54 
SOM. s. 8 ie ee a 54.20. 1) S085....] 39:34 |... 14.00 
ee Se ree 4.66 |) 162.... 9.81 9.94 
ee EE a ' 14.50 EBS..:..| 34.56 14.50 
ee _* eee «| 34-00 en et ee 83.32 13.70 
ES 11.61 11.67 52.06 [i te8:.... | 411.81 11.86 11.86 
ae 9.65 9.55 9.55 || 185.. ..| 13.50 13.60 13.70 
| ae a eS 14.44 | 186.....| 12.22 12.22 12.31 
135..... 13.65 13.60 13.54 || 187.... | 33 48 13.32 13.54 
ere 12.90 12.68 12.95 188.....| 14.16 14.41 
eee 10.20 10.31 10.18 189.. | 12.38 2.50 12.75 
oe 11.80 i ae? ee or | 12 37 2.50 12.42 
ae 13.54 13.41 Le ak oie a : ; 14.07 
NR 5 Ste Sid Rieie Kie 3 eee a 6...2.1° 243.08 13.60 13.79 
rere 2 Ai! AS ar Jossceees SE eee 11.07 11.75 
ae © ae Perreere Bb & vik | Sor 14.20 
ae | I1.95 II.95 11.75 ee 12.50 12.59 
| Ae II.00 11.13 | 11.00 196... ; 13.04 13.44 
ere 11.48 1m.50 | t2.62 st, : 14.20 
i Sr Far Fe veep” BMS 198... onan 11.22 11.21 
| Sere | 23.37 13.60 13.54 99... 14.50 
a | 13.28 13.23 13.54 200... Bey 12.13 12.19 
- a Rrnad esi 9.81 | 9.82 ae RE 14.30 
ee PST Tee TT ee eee ee | 14.35 208... oa 13.609 13.70 
sss « | 10.49 10.67 | 10.60 a +. 12.40 12.42 
ae > 2 aoa | 228 oe.... oa 13.69 13.79 
jl. ae | 13.55 13-41 | 13.44 iY oO8.... 14.52 
3 Se De chew tana 13.41 13.25 ee. es. | 14.15 
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TABLE IlI—Continued 





_. | Schleussner| | umiare = | Seed 27 . 7 Schleussner | Tumigre 2 |S 7 
Star No. Pon 3 Estimates | Estimates Star No. . > Estimates Sothnaies 
mag. mag. mag. mag. 
RE a ie 13.86 13.86 COs cation eerasted 13.78 13.70 
oo arc bade koa doe Meee ee 14.45 WOE dia cds k cw ales s oeteeeccet 14.48 
Pr rey Ae 14.55 See Seeree se 12.13 12.09 
Ae ER eet ote 12.50 12.64 ee Se ides ee Re 12.04 12.09 
A Pee re 10.40 10.50 Oa hi ewes o eed ee is eadtewte eee 
ee errr rr 12.04 | 11.98 ee ee serene £8.97 13.35 
NR Ss sitios nwonesnthe eest es 14.15 





means of plate No. 371, which contained, besides the two ex- 
posures of N.G.C. 1647, one of the same duration (10™) on the 
central part of the Pleiades. 

The extinction constant of the Halbgitter used was not deter- 
mined directly from photometric measures, but, as described in 
Astron. Nachr., 199, 247, from the ratio O—C/C—S,, where O is 
the magnitude of the stellar image without halbgitter, C of the 
central image behind the halbgitter, and S, of the spectra of 
first order. The constant was thus found to be 2.14 mag. The 
results are contained in Table III together with the estimates from 
the diameters of the stars on the Lumiére “2” and the Seed “27”” 
plates, both reduced to the halbgitter scale. To these three 
series were assigned the relative weights 4, 1, and 1, respectively. 
The weighted means are contained in the catalogue, Table IV. The 
magnitudes of the stars outside the inner field of 40’ diameter are, 
of course, very uncertain owing to the neglect of the correction 
for distance from center of field. 


IV. COMPARISON OF EFFECTIVE WAVE-LENGTHS WITH SPECTRA 


It will be of special interest to compare the effective wave- 
lengths found here with the spectra of the same stars. With a 
mirror of 90 cm (35 inches) focal length, in connection with an 
objective prism 16X16 cm square, Professor Eberhard has kindly 
made a few exposures on the cluster, using Seed ‘‘30” plates. The 
best plate was taken on March 1, 1913, from 6%o™ to 7532™ sidereal 
time, Potsdam. In order to reach stars as faint as possible, the 
dispersion was very small, the distance between H8 and He being 
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TABLE IV 
CATALOGUE 
Dist. from | Effective 
Star No. a (1900)* & (1900) Center of Ph. Mag. Wave- Rel. Wt.t 
| Field Length 
BAL pees | 4>538™14° +18°53/5 27’ 14.45 é 
Bi dehess es | a Ig 2.2 26 12.91 4351 29 
| 24. 19 7.3 27. +| %14.40 4372 ° 
isis werent a 28 Ig 0.5 | 26 11.95 4327 52 
iseanans 28. 18 48.0 25 | 14.20 4512 3 
ee eee 31 18 58.6 2: 14.45 4421 ° 
eS, $s. 18 38.6 29 12.23 4320 35 
i okt bao 30 19 4.0 2: 9.88 4261 52 
ee, ccwtae nee 40 18 47.4 23 10.29 4262 56 
oe wcnan es 40. 18 52.2 21 II.40 4294 60 
_ ee 40. 18 38.8 27 13.70 4319 7 
Boy icc a onen 2 18 39.4 27 14.51 
| oe 43 18 52.6 21 12.70 4577 35 
ee 44. 18 40.3 26 10.58 4263 59 
3s 46 18 49.6 21 9.75 42908 5° 
eee 48 19 6.3 22 II.41 4334 62 
SE 48 18 52.1 20 14.35 4348 I 
Ne id eo es 48. I9 2.3 20 13.43 4357 15 
eee ere 50 19 6.4 21 10.25 4253 60 
TES sgnpha anaes 5°. 19 0.4 21 12.52 4319 35 
eee ree 51 18 50.5 19 13.04 4371 25 
OG i cdutes 51. 18 38.5 | 26 10.93 427 65 
a eas 54 18 51.7 18 14.48 4378 ° 
RES 56 19 6.0 20 12.40 4326 42 
eer 58. 18 35.0 27 14.51 4339 ° 
Sere ee 390 5 18 52.0 16 13.97 4346 30 
I e a. 18 52.5 16 12.99 4289 62 
"Os Ate .. 18 36.2 25 14.03 4443 I 
ER 8 18 48.4 17 14.18 4401 3 
eee 8. IQ 17.5 26 14.07 4435 2 
ee 8. 18 35.4 25 14.20 4407 I 
r Oe thisaeeas Io. 18 51.4 15 13.43 4380 | 15 
ee eer Bs. IQ II.1 20 12.57 4322 | 40 { 
i a 12. 18 30-4 22 12.37 4333 42 
rere 13 Ig 5.0 a . 14.45 4559 I 
i Re ere 14 18 54.8 13 14.16 4407 4 
f Os Sanne tai 15 18 51.8 14 13.93 4358 7 
ee 16 IQ 20.4 27 12.35 4333 37 
i} Bb Sais al . 18 57.1 12 10.10 4238 56 
| Er IQ. 18 43.3 18 14.12 4370 3 
i Be teks «iis 20. 18 54.5 12 12.25 4350 46 
I a 20. 18 50.1 13 10.45 4271 56 
f SS Se ee 23. 18 56.9 II 11.63 4304 61 
Gs xe xis 24 18 56.2 II 14.31 4307 I 
ee iar 24. 18 56.3 II 10.17 4257 62 
“ey ae 26. 18 57.1 10 12.08 4361 50 
re 20. IQ 23.4 29 11.99 4327 51 
ao hid sind 27 ~. 2.7 II 10.41 4260 61 


| | 


* The period after the seconds of right ascension indicates an additional os. 
t+ The weight 6 corresponds to a mean error of + 20 A, and, consequently, weight 1 to +50 A, 3 to 
+28 A, 12 to +14 A, 24 to 10 A, 38 to +8 A, 48 to +7 A, 67 to +6 A. 
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TABLE IV—Continued 


| | 
Dist. from | Effective 

















Star No. a (1900) & (1900) Center of | Ph. Mag. Wave- Rel. Wt. 
| Field } Length 
Rs ses 4°39™29° | +18°46'4 | 14’ 13.79 | 4317 II 
eee 31 | 18 27.7 | 30 11.76 4311 53 
“ere 32. | 18 40.4 | 18 13.48 | 4431 16 
§2....... 33 18 35.7 | 22 | 13.73 4507 7 
53---- 33. 19 11.3 | 17 | 14.32 4384 I 
ae 34—=CO«d| 18 28.6 | 290 +| #12.41 4340 36 
rer ss. | 18 54.6 8 11.86 4327 53 
OG 5.4.00 37 Ig 10.1 16 10.02 4400 59 
57: 37 18 53-3 | 8 14.02 4372 4 
58.. 30. 19 8.5 | 14 | 12.86 4330 33 
§Q..------ 40. 18 54.9 7 12.76 4339 34 
60... 41. 18 50.4 9 10.02 4214 57 
ae 2 18 48.3 | 10 14.50 4428 ° 
oY ee 2 18 49.1 10 13.57 4559 12 
Rs iis es 2. 18 40.7 12 10.07 4243 61 
es 6s aia 43 19 68.6 14 14.30 4401 I 
he EL 43- 18 44.2 | 14 13.86 4512 7 
6O.... pa 43 19 8.7 14 8.79 4253 58 
| eee 43- 18 54.8 6 | 14.39 4372 ° 
ees & 46 19 3.4 9 10.99 | 4324 66 
69 48 19 5-4 | 10 12.81 4334 33 
7 48 18 45.5 | 12 13.51 | 4523 | 13 
71.. 48 19 5-3 | 10 12.44 4320 40 
78... 50 18 55.6 | 5 | &4.98 4424 ° 
73-- 51 18 31.2 | 25 14.00 4489 2 
Os 5s meme 51 18 56.1 4 10.41 | 42061 62 
96... 52 18 55-3 | 4 10.12 | 4281 62 
76.. 52 18 47.7 | 10 =| «14.49 4347 ° 
77-- 52 18 53.3 5 12.80 | 4337 34 
78.. 53 18 54.4 | 4 14.25 | 4359 2 
ee 56 18 59.6 | 5 14.59 4562 2 
See 57 Ig 3.2 8 ur.S8 4207 63 
81 57- 19 5-9 | 10 9.36 4250 57 
82. “7, 18 42.0 15 12.64 4484 35 
83....--. 58 18 47.9 9 14.25 4352 2 
PR gees 59. 18 46.3 10 11.33 4290 61 
tear sins 40 Oo 19 5.8 10 13.05 4350 26 
Beas ° 18 42.2 14 14.10 4306 3 
87 I 18 56.4 2 12.91 4352 2 
88 3 19 14.9 19 14.30 4301 2 
89 ou 18 48.8 8 10.83 4276 69 
go. -. 18 46.0 10 9.56 4255 56 
ee 4 18 29.0 27 12.94 4411 26 
92. 4 19 6.1 10 14.00 | 4322 4 
93-. 4 18 55.1 2 13.73 4330 7 
| 04.. 5 18 59.9 4 8.o1 | 4251 59 
95-- 5: 18 59.0 3 11.94 43060 54 
96 7 18 55.0 | I 13.71 4341 10 
97- 7 18 59.7 3 9.17 | 4245 58 
98.. 8. 18 54.1 2 12.68 | 4321 37 
ing Se 9 18 39.1 17 14.42 4417 ° 
100 9 18 56.3 ° 9.7 4274 59 
ee 10 18 51.9 4 13.83 4312 7 
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TABLE IV—Continued 
Dist. from Effective 
Star No. a (1900) § (1900) Center of Ph. Mag Wave Rel. Wt. 
Field Length 

ae 4>40™14° +18° 58/7 3" 13.76 4366 10 
a 14. i 7.¢ II 14.26 4379 3 
a 15 18 52.6 4 12.61 4330 40 
BOG... ees 15 18 37.1 19 8.94 4313 48 
Pere 15 18 51.4 5 10.04 4266 59 
IO7...:.- 15. 18 54.9 2 14.34 4375 I 
Oa Sos 20 15. 18 47.1 9 13.46 4452 15 
ee 16 18 54.7 2 11.14 4297 64 
Se 16. 18 28.9 27 12.81 4339 290 
eee ny. 18 53.7 3 12.76 4378 22 
>) ian 18 18 53.7 3 12.00 43890 48 
ere 19 18 44.9 12 14.34 4388 ° 
) 20 19 «67.1 II 12.53 4329 39 
er cee | 20 18 47.5 9 11.78 4292 58 
Sire 4. 4% 20. 18 51.2 6 14.48 4408 ° 
rere 2I 19 1.9 6 12.97 43901 29 
ees 21. 19 1.6 6 11.87 4308 52 
I19Q.. 22 Ig 12.4 16 14.54 4484 ° 
a 22 18 53.4 4 10.85 4379 62 
ers eh a 24. 19 O.1 5 12.97 4339 27 
SS oe 25 19 6.1 10 10.21 4268 61 
SER area 26 18 42.1 15 13.75 4353 6 
er 26 18 46.7 10 14.40 4333 ° 
[ar 26 18 33.2 2: 6 4500 37 
ere 27 18 44.7 12 13.77 4305 8 
ee a. 18 47.9 9 13.90 4338 7 
ae e. 1 Ig 10.8 15 14.28 4307 3 
Ee 258 18 41.6 15 14.36 4510 re) 
RG eee 29 CO 18 44.0 13 14.49 4429 ° 
| re 29. | Ig I.!I 7 14.02 4320 4 
Sere 30 I9 8.5 13 11.62 4281 60 
ae ie a. Cl 19 1.4 7 g.62 4243 60 
ee 34- | IQ 4.4 10 14.62 225 ° 
RE is hans 34. | 18 57.9 6 | 13.62 4349 12 
130........ 34- | 19 3-7 | 9 12.87 4333 30 
| ee 35 18 51.0 | S | %.%0 4261 60 
rer 38 I9 0.5 | 8 | 11.76 4297 60 
Se ea 4o «| Ig 0.7 8 13.50 4455 17 
Ns ade amas 40 | 18 30.1 | 27 14.55 

ss a 40. | 18 58.6 | 8 15.3 

~ SPerere 41. | 18 46.2 ms + @.3 ee tee 
ee e. 3 18 47.9 II | $3.60 4310 55 
OS ere 2 18 54.3 8 | 11.02 4290 64 
145 43 | 18 56.3 8 | 11.51 4313 59 
ne 43 18 34.3 23 | 14.25 4483 I 
ee ee 43. 18 48.0 II | 13.44 4329 12 
Es eis res 44 18 48.9 | 1I : ss. 4325 17 
BRK aie so 3-« 44. 19 18.7 | 24 9.82 4520 53 
Beaaies 4 44. 18 29.7 | 28 | 14.35 4398 I 
ee 46 18 55.9 9 | 10.54 4272 64 
ee 48 18 47.4 | 13 | 14.79 4482 ° 
SRA Pe 51 Ig 2.0 II 13.51 4507 16 
ae 52 18 37.8 21 | 13.33 4377 18 
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TABLE IV—Continued 
| Dist. from | Effective 
Star No. a (1900) 5 (1900) | Center of | Ph. Mag. Wave- Rel. Wt. 
Field Length 
155 ..| 4"40"52° +19° 6/0 | 14’ 13.63 4486 10 
156 53 18 55.8 | 10 | 14.40 4463 I 
157 os 53 18 46.7 | 7 ae! [oe rere 
158 £3. 18 52.3 | II | 14.23 | 4338 3 
159 54 19 5.9 | 14 14.23 4392 3 
160 54 19 O 5 | II 14.42 | 4321 ° 
161 54. 19 16.2 | 23. «| «C«14.45 4432 ° 
162 55 IQ 24.1 | 30 13.89 4370 4 
163 55. 18 45.6 | 15 | 11.56 | 4275 66 
164 56 19 9.8 | 17 | 11.20 | 4334 65 
165 56 19 6.1 | 15 11.61 4207 62 
166 57 18 47.7 14 11.31 | 4304 62 
167 58 19 16.1 | 23 12.69 | 43061 34 
168 58 18 53.3 | 12 | 14.43 4360 ° 
169 58 18 51.4 | 13 | 13-16 | 4342 24 
170 59 18 57.8 | 12 | 13.83 | 4363 6 
171.. as 8 18 36.0 | 24 | 13.70 4340 7 
172 2 18 56.5 | 12 | 10.86 287 62 
173 3 18 45.1 | 17 | 13-75 | 4376 6 
174 $- 18 50.9 | 14 | 13.29 | 4329 16 
175 4 18 53.9 | 13 | 8.909 | 4251 54 
176 4 18 53.5 | 13. | 13-04 |----eeeee|ee eee ee. 
77 4. oye 14 | 54-31 eee I 
17! 5 18 35.4 25 | 13.65 | 431 10 
179 5 18 58.1 | 13 | 13.61 | 4422 II 
180 6 19 8.0 | i | 23.87 | 4355 4 
181 “| 7 18 31.2 ! 29 «€©||~—Cl(g 88 4238 52 
eee 9 18 43.6 19 | «14.55 4392 ° 
183 oe 10 18 56.1 14 13.44 4316 13 
184 , II 18 57.4 14 | 11.83 4305 56 
185 II 18 41.5 21 | 13-55 4304 | 9 
ess aeavon II 19 5.4 17 | 12.23 4328 45 
187 12 19 5.2 17 |} 13.40 4353 16 
188 14 18 44.9 19)6| «214.21 4581 ° 
189 16 18 39.0 23. | 12.46 4316 37 
190 17 18 57.6 16 | 12.40 4216 42 
IgI 22 18 32.4 290 +'| 14.07 4339 4 
192 22 18 45.6 20 | 13.42 43600 9 
tik. 5 suet 2: 18 35.8 27. =| ~«+&«I.71 4308 | 61 
Se anor 23 18 33.4 29. | ~=+14.20 4368 3 
IQ5-----+ee- 23- | Ig 19.1 29. | «12.55 4342 39 
196 25 | 18 44.9 21 | 13.24 4340 18 
197 | a7. | 18 53.5 18 | 14.20 4395 3 
198 28 19 6.2 21 | 28,8 4290 64 
199.. | a2. 18 36.5 28 | 14.50 4352 ° 
200.. oi. 19 5.8 21 | 12.16 44605 48 
201 35. 18 37.1 28 | 14.30 4404 I 
202 38. 19 2.4 22 13.70 4413 9 
203...---++-| 43. 19 16.1 30 |} 12.41 4549 42 
204..... sl 48, 19 10.8 | 27 | 13.74 4397 | 9 
eae 48. | 18 590.3 23 66 .SE ie ehietes tv desatad 
eae 48. | 19 0.3 | 24 | 14.15 4405 | 4 
ee 49. | 18 40.1 | 29 13.86 4374 -| 6 
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TABLE IV—Continued 





Dist. from Effective 
Star No. a (1900) § (1900) Center of Ph. Mag. Wave- Rel. Wt. 

Field Length 

h,;m 8 9 a , » 2 
Je 4°41™40 5 +19° 0:5 24 14.45 4408 ° 
ee 49. 18 44.4 26 14.55 ; : 
210....... 51 19 3.7 | 25 12.57 4340 39 
ee 51. 19 8.3 27 II.45 4505 56 
ee 50. IQ 12.2 30 12.01 4317 5° 
a : 58 18 54.3 26 14.15 4388 4 
| 42 I 18 51.4 27 13.74 4306 ” 
a 3 18 51.8 27 14.48 4382 ° 
Pees shew .. 18 47.1 28 12.11 4316 49 
ro sica'e'6 ai 4 18 55.9 27 12.07 4324 50 

S19... , 9 18 58.5 28 (11.9) (4339) 
a 10 18 50.7 29 13.06 4330 22 


only 0.75 mm (0.03 inch). The classification of the spectra could 
therefore be made only roughly. The results I obtained are given 
in Table V, arranged according to effective wave-length. The 
median value of the effective wave-lengths of 23 A-type stars is 
4266 A, which agrees well enough with the value given above for 
stars of zero color-index, viz., 4234 A. 


TABLE V 
EFFECTIVE WAVE-LENGTHS AND SPECTRA 


n 








Star No, Sp. off Star No. Sp. reff Star No Sp. eff 
60...| <A? 4214 137... A 4261 198 A 4290 
a | A 4238 9 A? 4262 109 \ 4207 
181...| F? 4238 14 A 4263 165 \ 4297 
Ae ie fs 4243 106 A 4266 15 F? 4208 

ean...) ff | 4243 122 A 4268 193 A? 4308 
q7...) A 4245 42. A 4271 143 A? 4310 
ae ee 4250 I51. A 4272 68 \ 4324 

4 os...1 wr 4251 22 A 4274 55 A? 4327 

175.. | F? 4251 100 | A 4274 164 F? 4334 
56... A 4253 || 163 A? 4275 56 G,K 4400 
66... A 4253 || 89 A? 4276 ase... G, K 4506 
go... A 4255 || 75 A? 4281 105 G,K 4513 
OS ee wee 4257 172. A 4287 149 G,K 4520 
re A 4260 || 27. A 4289 211 G, KK, M! 4565 

_e A? 4261 || 84. A? 4290 RATER Ee Ra, oe fa 
POTSDAM 


January 25, 1915 














EFFECTIVE WAVE-LENGTHS OF ABSOLUTELY 
FAINT STARS! 
By EJNAR HERTZSPRUNG 


It is a well-known fact, of which the stars a and 6 Orionis may 
be taken’ as extreme examples, that absolutely bright stars may 
have all colors between red and white; but the fainter the absolute 
brightness, the more limited is the range of color within which 
the stars are distributed. This limitation is practically one-sided 
in the sense that only rarely are faint white stars to be found. The 
less the absolute brightness, the yellower is the color, with only a 
very few stars which are relatively white. 

In order to test this relation between absolute brightness and 
color down to absolute magnitudes as faint as possible, I took with 
the 1.5-meter (60-inch) Mount Wilson reflector in the manner de- 
scribed in the preceding article? on N.G.C. 1647 a number of 
effective wave-length plates of faint stars having large well-known 
parallaxes. All exposures were made on Lumiére “2” plates. 
Care was taken to reduce the effective wave-lengths to the same 
zero-point as those for N.G.C. 1647. The values given here can 
therefore be directly compared with the former. The effective 
wave-lengths have been reduced to the same zenith distance.‘ 

The results are given in Table I: This table contains among 
others the absolutely darkest stars so far known, which unlike the 
companion to Procyon are not too near a bright star for proper 
examination. The absolute parallaxes are those in Groningen 


* Contributions from the Mount Wilson Solar Observatory, No. tot. 

2 Mt. Wilson Contr., No. 100; Astrophysical Journal, 42, 92, 1915. 

3The measures were made at Potsdam, a Toepfer machine with measurable 
movement of plate being used. 

4 Owing to selective extinction of light in our atmosphere, the effective wave- 
length of a star increases with its zenith distance. At sea-level this increase amounts 
to 35 A in passing from the zenith to a zenith distance of 60°. The greatest differ- 
ence in corrections occurring here was 20 A for 7 Ceti as compared with stars near 
the zenith, 
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Publications, No. 24, due regard having been given to additional 
measures. 

Judging from the common proper motion and radial velocity, 
the brighter stars belonging physically to the system of the 
Hyades are, as is well known,’ divided into two distinct groups, 
one consisting of a few yellow stars and the other of white stars, 
which form the majority. The mean effective wave-lengths for 
two yellow and for eight white physical members of the Hyades 
have been entered in the table. 

Concerning our sun, I have been able to determine the effective 
wave-length of its light only as reflected by five of the satellites 
of Saturn and by the planetoid (8) Flora.2_ The weighted mean 
(5 to 1 according to the number of objects), 4375 A, has been 
entered in the diagram (©) on the assumption that the quality of 
the sun’s light is not seriously altered by the reflections in question.‘ 
Finally, for a few bright stars of well-known parallax, I have trans- 
formed the color-indices, 7, given by E. S. King,‘ into effective 
wave-lengths by the formula 


A. = 42344210 I. 


These results are to be found in brackets in Table I. 

All the results are shown graphically in Fig. 1. The full 
line represents the radiation of a black body of the size of our 
sun. The points represent the stars, and the sign ©, the reflected 
sunlight, for which the effective wave-lengths have been determined. 
The circles show the color-indices by King, transformed into effective 
wave-lengths. 

The appearance of this diagram is interesting. When we neg- 
lect the absolutely bright yellow stars, which are represented in 
the figure by the mean of only two bright yellow Hyades, we may 
state the following: 

Cf. Potsdam Publ., No. 63, p. 26, 1911. 

2 October 16, 1912, 233 sidereal time. Three underexposed plates of (433) Eros 
were obtained on September 11, 1912, between 20"5 and 2154 sidereal time. The 
uncertain effective wave-length derived is 4506 A. 


3 It may be recalled that the satellite I of Jupiter (lo) shows a markedly greater 
effective wave-length than satellites II, III, and IV (Potsdam Publ., No. 63, p. 40). 


4 Harvard Annals, 59, 177, 1912. 
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On the supposition that stellar surfaces radiate approximately 
as a black body, the relation between absolute brightness and color 
from absolute magnitude —7 to +3 deviates from the same relation 
for a black body (full line) in the same way, and approximately 
to the same extent, as we should expect from the known increase 
in density’ and decrease in mass’ with decreasing absolute bright- 
ness. But below absolute brightness +3 mag., between +3 and 
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Fic. 1.—Abscissa: Absolute magnitude (sun= —o. 33) 
Ordinate: Effective wave-length 
































+8 mag., the deviation from the radiation of a black body is too 
great to be explained by facts already known. 

With the single exception of the white faint companion to 
o, Eridani’ we may say that the stars between absolute magnitudes 


t Shapley, Astrophysical Journal, 38, 158, 1913. The average density of a star 
of the first spectral type may be taken to be about o.1 of that of our sun. 


2 The statistics of spectroscopic binaries have been specially investigated by 
H. Ludendorff, Astron. Nachr., 189, 145, 1911. 

For 15 stars with known mass and parallax I find a decrease of 0.06+0.01 
(mean error) in the logarithm of the mass for each magnitude of decrease in absolute 
brightness. 

3 This exception is, in fact, very strange. It is the weli-known double star = 518, 
which has a proper motion of 41 yearly in common with 0, Eridani. The com- 
bined magnitude of the two components is 9.48 mag. and the difference about 1.7 
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+3 and +8 are approximately all of the same color.'. Proceeding 
from the absolutely brightest stars to the fainter ones, evidently 
a new unknown element comes into action at about absolute bright- 
ness +3, which stops the further increase in effective wave-length 
with decreasing absolute magnitude.’ 

If the difference of 5 mag. in the absolute brightness between 
+3 and +8 mags., within which the color remains constant, were 
due only to differences in the size of the stars, the ratio of mass to 
density would be 1000 times greater at absolute magnitude +3 
than at +8. We cannot imagine such a difference as due to change 
in density alone. 

Concerning the mass, we are able to eliminate the effect of its 
variation on the size of a star when the object is one of the com- 
ponents of a double star the apparent orbit of which, together with 
the ratio of the masses of the two components, is known. Call 
the masses of the two components, in terms of the sun, M, and M,; 
their apparent magnitudes, m, and m,; the apparent major axis 


mag. From the apparent orbit and the parallax, which are both approximately 
known, we find the sum of the masses to be M,+M,=0.76©. This is no exceptional 
value. 

At the Solar Union, 1913, Professor H. N. Russell told me that this star had been 
found at Harvard to have a spectrum of Class A. This agrees with Adams, who found 
the spectrum to be A (Publ. Astron. Soc. Pacific, 26, 198, 1914), and with my effective 
wave-length. 

The exceptionally white color of the faint companion to 0, Eridani recalls the 
white 12.4 mag. star No. 190 of the cluster N.G.C. 1647 (compare the preceding 
article). Perhaps there is also physical analogy between these two stars. 

In this connection it may be noted that Adams has found the 7.3 mag. star Lal. 
28607 (155 377, —10°37’; 1900), the proper motion of which is 1717 yearly, to have an 
A spectrum and a radial velocity of —170 km. The absolute brightness of this 
star, when estimated from these data in the way described in Astron. Nachr., 185, 
92, 1910,is found to be —1.3 2.45 mag. (meanerror). The absolute brightness may 
therefore very well be the normal value for an A star, namely, about —4 mag. The 
measured parallax, +-0%03, is very uncertain. 


* From different sides it has been suggested to me that this phenomenon might 
be due to the rapid falling-off of the sensibility of the plate at the end of longer wave- 
lengths of spectrum. In objection to this I wish to mention that the linear relation 
between color-index and effective wave-length still holds for fourth-type stars with a 
color-index of about +2 mag. and an effective wave-length of about 4600 A. 


2 The earlier inferior results, Potsdam Publ., No. 63, p. 40, 1911, showed only the 
general increase of effective wave-length with decreasing absolute brightness. 
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of the orbit in seconds of arc, a; and the period in years, P. The 
absolute magnitude (for a parallax m=1’’) of a star having the 
same surface brightness and density as, for instance, the first com- 
ponent, and the same mass as the sun, will then be: 


5 as 
M,, r=1",M=0 =m,+ log 


3 M:\ . 

P (: —r) 
The number of double stars of known mass ratio being small, I have 
adopted for other double stars equality of masses. Especially 
when the two components are nearly equal in brightness and color 
is this assumption plausible. 

We may still increase the number of objects reasonably well 
suited to this investigation by including double stars when only 
the first trace of orbital motion has been observed. For such double 
stars we are able to calculate a minimum value’ of a3/P?. Mr. C. 
Luplau-Janssen has kindly examined statistically all double stars 
with known orbits and found that the true value of a3/P? is on the 
average (1.65)3 times greater than the minimum value derived 
from a single element of the apparent orbit.? 

By these more or less tentative methods the values given in 
Table II and shown in Fig. 2 were found. It will be admitted that 
the effect of differences in mass on the size of the stars has been 
eliminated to a great extent; nevertheless, Fig. 2 has the same 
general appearance as Fig. 1. We may therefore conclude that 
differences in mass are as little capable as differences in density 
of explaining the constancy of color between the absolute mag- 
nitudes +3 and +8. 

It is an obvious suggestion for the explanation of the fact 
found above that the absolute magnitude +3, corresponding to 
the temperature 3400° Abs. of a black body of the size of the sun, 
represents the stage of a cooling star at which the formation of 
relatively dark solid matter on its surface begins, the remaining 


* Astron. Nachr., 190, 113, IQIT. 

2 The proportion between the true value of aP—j and its minimum value does 
not vary much for different double stars. The mean deviation from the logarithm of 
the mean (log 1.65=0.22) is about 0.085, corresponding to +o.43 mag. 
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fluid part giving practically all the radiation. At any rate, these 
absolutely dark stars deserve further attention. They should, for 
one thing, be examined for variability in light. 
It must be kept in mind that the longer effective wave-lengths 
especially depend only upon the distribution of energy within a 
TABLE II 


" 
| 


| Minimum | 











3. | r - ypo- 
Star Pd a. theta M./M: aot A eff 
Harv. \M.+Ms=0 M:+M:=© Abs. Mag. 
A 
¢ Orionis A....... 2™05 | a ee Ae I —7™85 | [4154] 
+ Cee me. cs... 2.61 Ser I —4.90 | [4442] 
. oe eee, A. .-.- 2.40 EE Serer I —4.86 | [4240] 
8 Aurigae A....... 2.82 ts 07040 I —4.66 | [4210] 
@ Urs. Maj. A..... 1.95 et nae I —4.43 | [4474] 
a Gemin.A....... peer .117 I —3.17 | [4257] 
OU ee eee ee 568 ©.39 —3.05 | [4272] 
5 Gemin. A....... 3-53 ae OS I —2.99 | [4314] 
Oe meee. A..... 3.12 . ee eer I —2.35 | [4297] 
a Can. Min. A..... “SS = eee 352 0.33 —1.99 | [4308] 
$ Herculis A...... Oe " eres .128 ° —1.67 | [4337] 
7 Virginis A....... oS” it ree .119 I —1.47 | [4282] 
© Femme A........ 4.23 ae eee I —1.05 4209 
RR ee RE, ees Sn ree peenae nner —0.33 | (4375) 
m Cassiop. A....... hy Perea . 200 0.76 —0. 2: 4325 
= 443 A 8.35 Sa are 1 +0.84 4393 
Sr. 8.89 pS See eee I +1.38 4527 
oY eee 8.65 i 5p Serre I +-2.64 4543 
re 8.65 SS eee I +2.64 4533 
Gr Crem A...... Te gC Vis ix Sa oe gis I +2.65 4532 
7 Common. B...... Ree Bnccawsaan . 200 °.76 +3.31 4512 
61 Cygni B..... 6.28 | see ee I +3.36 4550 
2 > ee 9.31 | ae I +3.75 4404 
Cm eee ® .... 2s. 9.31 | Tf eee I +3.75 4534 
0? eee SS aa: ae ee I +3.98 4523 
lk 8.0 | WP fos Ginigsas « I +3.98 4523 
Groom. 34 A..... 7.07 OE Biases +x I +4.00 4520 
© PemeiB........ 9.86 ae eee I +4.58 4504 
o, Eridani B....... oS See 0.163 I +5.25 | 4179 
SS | 9.33 SUMS Ee adits beers I +5.36 4520 
Kriiger 60 A..... 9.59 EE. ON do whens 4a I 5.81 4531 
- ee 10.10 PE BG ded e ss I +6.13 4530 
Groom. 34 B.....| 10.99 a ne ae I 7.02 4574 
Kriiger 60 B..... 11.59 | 0.134 |....... I 


+7.81 4544 





narrow part of the spectrum. It would be of special interest to have 
the results found here confirmed by measuring the color-indices. 

As all my plates were taken between July 18 and October 17, 
1912, inclusive, a number of faint stars with well-known parallaxes 
could not be included in this note. 
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I am greatly indebted to the director of the Mount Wilson 
Solar Observatory, Professor George E. Hale, who not only immedi- 
ately granted my request to use the 60-inch reflector for the deter- 
mination of effective wave-lengths, but also offered his assistance 
in realizing my plans. I owe the main part of the necessary funds 
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Fic. 2.—Abscissa: Hypothetical absolute magnitude (mass= © ) 
Ordinate: Effective wave-length 
































and five months’ leave from Potsdam to the Prussian government 
and the Academy of Science of Berlin. I wish also to express here 
my best thanks for the kind and disinterested help given to me by 
all of the Mount Wilson Observatory staff, not the least to Mr. Hoge, 
the indefatigable night assistant. 


PotsDAM ASTROPHYSICAL OBSERVATORY 
January 25, 1915 











COLOR-INDICES IN THE CLUSTER N.G.C. 1647' 
By FREDERICK H. SEARES 
I. INTRODUCTION 


For the determination of the color of the stars two methods are 
available. The first, with the aid of a coarse objective grating, 
measures directly the mean effective wave-length of the light 
which impresses itself upon the photographic plate,’ while the 
second compares the relative intensities of the radiation in two 
more or less widely separated regions of the spectrum. The 
latter method is most conveniently applied by choosing for the 
comparison the spectral regions whose intensities are expressed 
by the photographic and the visual, or photo-visual, magnitudes. 
The measure of the color is then 

Color-index =C = Pg—P2, 


in which Pg and Pv are the photographic and photo-visual magni- 
tudes of the star in question. 

With suitable instrumental equipment the measurement of the 
effective wave-length is an expeditious and convenient method of 
procedure; but since precise magnitudes are required for the 
investigation of many questions, the determination of star colors 
is readily made incidental to the measurement of brightness, so 
that the second method also has its advantages. 

The mutual control afforded by two processes so different 
in their observational details is invaluable, especially as both are 
liable to more or less troublesome systematic errors. The effective 
wave-length, for example, depends upon the intensity of the small 
spectral image from which it is derived, and the results must 
accordingly be reduced to a normal intensity. Hertzsprung avoids 
the greater part of the difficulty by making a number of exposures 
on the same plate with gradually increasing exposure time, and 

* Contributions from the Mount Wilson Solar Observatory, No. 102. 


2 Hertzsprung, Potsdam Publ., 22, No. 63, 1911. The earlier literature is listed 
in Astron. Nachr., 182, 301, 1909. 
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then selecting for measurement only those images which, as nearly 
as possible, are of a certain standard intensity. The color-index, 
on the other hand, shown by the equation defining it, is seriously 
influenced by relative errors in either the slope or the zero-point 
of the magnitude-scales. 

As the precise determination of a scale of magnitudes is not an 
easy matter, the color-index is peculiarly liable to error, and the 
difficulty increases rapidly with decreasing brightness of the stars. 
To be useful, color results must be homogeneous; they must be 
directly comparable, whatever the relative brightness of the stars 
to which they refer. It is not sufficient, therefore, that the magni- 
tudes should be relatively accurate for a limited range; in both 
scales and for all degrees of brightness, they must be correct rela- 
tively to the zero-point defined by the stars of the sixth magnitude. 
If either scale is in error, the equation 


C=Pg—Pv 


will give an incorrect result unless the other happens also to be in 
error by the same amount. The demand is therefore exacting, 
especially when it becomes a question of the color of the fainter 
stars, for with these the cumulative error in the scales has its 
greatest effect. ' 
In fact, the difficulties hitherto experienced in establishing 
satisfactory scales of magnitude have been so considerable that it is 
advantageous to utilize in another direction the possibilities of the 
two methods of color determination by employing them to test the 
reliability of the scales. Given a series of carefully determined 
effective wave-lengths, we can, by means of stars of known color- 
index, turn the entire series into color-indices. A comparison with 
the corresponding results obtained directly from the magnitudes 
will then show at once the relative errors of the scales, although 
not their absolute values. Any systematic error in the effective 
wave-length is of course also involved; but this is small, and prob- 
ably but little dependent upon the brightness of the objects 
observed, while the uncertainty affecting the color-indices derived 
from the magnitudes of faint stars is relatively large. It is not to 
be understood that the errors inherent in the colors derived from 
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magnitudes are necessarily large, for when once we have been 
assured that reliable magnitudes are available, it is probable that 
the two methods will give results comparable in precision. The 
difficulty is that we have no such assurance—in fact, no inde- 
pendent control which is capable of specifying what the uncer- 
tainties affecting the magnitude-scales may be. 


II. OBSERVATIONS 


It is the purpose of this note to test in the manner indicated the 
photographic and photo-visual scales established at Mount Wilson 
for stars near the North Pole. Effective wave-lengths for these 
objects are not available, but Hertzsprung has derived such 
results for nearly 200 stars in another region, N.G.C. 1647, which 
are immediately applicable to the problem." To effect a com- 
parison it is only necessary to transfer the polar scales to the region 
of the cluster by photographs of multiple exposure. 

To this end comparisons were made between the Pole and the 
cluster, using the same kinds of plates as in the investigation of the 
polar magnitudes—Seed ‘27”’ for photographic, and Cramer 
“Inst. Iso.”’ with a yellow filter for photo-visual magnitudes. Five 
separate transfers of each scale were made, and to minimize atmos- 
pheric irregularities no two of the same kind were undertaken on 
the same night.” In all cases the exposures were symmetrically 
arranged, usually in the order: cluster, Pole, Pole, cluster; the 
exposure times were short, 2™ for Seed ‘‘27,” and 5™ for “‘Iso.” 
plates. 

The photographs were measured and corrected for distance 
error in the usual way. The magnitudes of the stars in the cluster 
were read from curves derived from the scale-readings and the 
magnitudes of the Mount Wilson Polar Standards.’ After correction 
for extinction the results were combined into the mean values which 
appear in the second and third columns of Table II. Owing to 
temperature fluctuations of unusual magnitude, the largest images 


* Mt. Wilson Contr., No. 100; Astrophysical Journal, 42, 92, 1915. 

2 I am indebted to Mr. P. J. Van Rhyse for one of the pairs of polar comparison 
plates here used. 

3 Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 
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on some of the plates were unsuitable for measurement. As these 
have been excluded, the objects listed begin at about magnitude 
11.5; the faintest shown is 15.45. The plates were centered on 
star No. 100 of Hertzsprung’s list and, within the limits of the useful 
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field which is 23’ in diameter, there are nearly fifty stars available 
for comparison with his effective wave-lengths. 

As there is but little information bearing upon the precision with 
which polar comparisons can be effected, Table I may be of interest. 
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It shows the divergence of the results of individual polar comparison 
plates from the mean scales for the cluster. The unit is 0.01 mag. 
and the quantities in parentheses indicate the number of stars 
used in deriving each mean residual. The zero-point residuals 
relative to the mean zero-point established by all plates of the 
same kind are shown in the second line at the bottom of each 


TABLE I 


SCALE DIVERGENCE FOR MAGNITUDES IN N.G.C. 1647 


PHOTOGRAPHIC PLATES 
MEAN Mac. /|-— 

















1392 1405 1417 1428 VR1 
x, ee +11 (8) —6 (5) +12 (8) —12 (8) — 8(7) 
i eee + 3 (5) +4 (6) +15 (5) — 8 (6) —11 (6) 
ES 9.0.24:0 + 7 (7) —9 (7) + 2(7) ~—= 3(97) + 2(7) 
a + 2 (9) +5 (9) = 4 (9) + 1 (9g) — 4(9) 
SS ae — 3 (6) +4 (6) — § (6) + 6 (6) — 3 (6) 
ere — 4 (8) —1 (8) o (8) + 2 (8) + 4 (7) 
i rere — 7 (8) —2 (8) —10 (8) + 3 (8) +16 (8) 
eee 5 9.3 s2.¢ 10.0 14.2 
Sao aie —6.2 +o.1 +14.3 —II.1 + 2.8 
ee oe 51 49 51 52 50 

PHOTO-VISUAL PLATES 
MEAN Mac. | -— - 

1393 1406 1418 1429 VR2 
> ee — 3 (8) —2 (8) + 4 (8) + 7 (8) — 6(7) 
ik. ee —10 (6) —5 (6) + 4 (6) +12 (6) — 1 (6) 
ee ee +12 (5) —4 (7) — 6 (7) +10 (7) — 8 (7) 
13.7 + 9 (3) +5 (7) — 5 (9) = 4% (9) + $&) 
SR Bo ie ss'ss pgiecte, cee < +5 (5) + 3 (5) —13 (6) + 7 (6) 
Ss ae Oo (2) +16 (3) — 9g (6) + 4 (6) 
BM Seas tc ds 10.5 7.3 8.2 II.3 II.o 
a —II.o —1.5 +9.4 + 7.2 — 3.6 
Ea ae 22 35 38 42 41 








section of the table. 
and the total number of stars also appear at the bottom of each 
section. The probable error of a single determination of the zero- 
point is +o.06 mag., and of the mean from five plates 0.025 mag. 
The probable value of the constant error in the color-indices arising 
from the transfer of the scales is therefore +0.035 mag. 


The average deviation of a single magnitude 
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Table II contains the detailed results for individual stars. 
The numbers in the first column are those of Hertzsprung; the 
co-ordinates may be found by consulting his list... The derivation 
of the Mount Wilson photographic and photo-visual magnitudes 
in the second and third columns has already been described. The 
number of values upon which each is based appears in the fifth 
column. In the fourth and sixth columns, respectively, are the 
Mount Wilson color-index and its weight. Then follow Hertz- 
sprung’s effective wave-length and its weight, the color-index 
obtained from X,, the difference between the two color-indices and 
its weight, and finally, as a check upon the scales, a comparison of 
the Mount Wilson photographic magnitudes with those of Hertz- 
sprung. 


III. TRANSFORMATION OF EFFECTIVE WAVE-LENGTHS INTO 
COLOR-INDICES 

The data for the comparison of the effective wave-lengths with 
the color-indices were very kindly supplied in manuscript by Pro- 
fessor Hertzsprung some months before his paper was received for 
publication, and in consequence some of my results differ slightly 
from his. Allowance, however, is easily made for these differences. 

The data bearing on the relation between , and C here used 
are as follows: From 15 white stars, mean C (Harvard)=+0. 21 
mag., distance between first-order spectra is 

D=1.0780+0.0026 mm. 


From 11 red stars, mean C (Harvard) =+1.22 mag., 
D=1.1338+0.0030 mm. 
AC=+1.01 mag. is equivalent to 
AD=0.0558+0.0040 mm or AA=222+16A. 

From these and other data Hertzsprung adopts an increase of 
200 A in X, as the equivalent of a change of 1 mag. in the Harvard 
color-index. We have, however, the following relations between 
the Harvard and Mount Wilson color-indices: 


+o.21 Harvard=+o0.21 MW 
+1.22 Harvard=+1.45 MW. 


* Mt. Wilson Contr., No. 100; Astrophysical Journal, 42, 97, 1915. 
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TABLE II—Continued 

















Mount WILSON HERTZSPRUNG Cw Wr. Pew 

No. ue " minus OF minus 

Pg Pv j n Wtcl aA Wty, CH, CHz Durr.) Pee 

153. 13.62 | 12.30 |-+1.32 | 5,5 | 25 |4507 | 16 |+1.53 |—0.21 | 10 | +11 

156 14.66 | 13.68 |+0.98 | 5,1 8 | 463 I |+1.25 |—0.27 I | +26 

158 14.52 | 13.72 |+0.80 | 5,1 8 | 338 3 |\+0.48 |+0.32 2 | +29 

160. . 14.63 | 13.66 |+0.97 | 5,2 | 14 | 321 °o +0.39 |+0.58 o| +21 

168 14.49 | 13.78 |+0.71 | 1,1 5 | 360 °o |+0.62 |+0.09 oo; + 6 

169. 13.32 | 12.95 |--0.37 | 1,1 5 | 342 | 24 |+0.50 |—0.13 4 | +16 
170. 13.93 | 13.33 |+0.60 | 1,1 5 14363 6 |+0.64 |—0.04 3 


+10 
Hence AC(MW)=+1.23 mag. corresponds to AA\=200A and, 
finally, for 

AC (MW) =+1.00 mag., AA=163 A. 

The next step was the determination of \), the value of X, 
which corresponds toC=o. As the exact value of the grating con- 
stant was not available, \, was obtained by combining the fore- 
going data as follows: 
1.0780 


222 A—o.21X 162 A=4255 A. 
0.0558 3 4255 





A= 


There is here a computational uncertainty of +10 A owing to the 
fact that the factor 222 A is given only to the nearest angstrom, but 
probably this is within the uncertainty arising from other sources. 

A rough control is afforded by Professor Hertzsprung’s classifi- 
cation of the spectra of the brighter stars photographed by Eber- 
hard, which was also kindly placed at my‘ disposal. From the 
26 A stars in this list the value \,= 4262 was found on the assump- 
tion that the maximum frequency of occurrence is for stars of the 
type Ao. From the same data Hertzsprung finds for the median 
\.=4266. The close agreement of these two values with that 
found above must not be accepted as an indication of a correspond- 
ing precision in the result, for presumably the value \,=4234 
adopted by Hertzsprung on the basis of all the material at his 
disposal is more reliable. 

The difficulty in any comparison with spectra lies in the fact 
that the frequency distribution of the various types which applies 
to the stars in general does not necessarily hold for clusters. In 
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fact, for this particular cluster it appears that the maximum fre- 
quency is for stars approximately of type Fo, although there 
is a secondary, but much less conspicuous, maximum for the A stars. 
Then, too, there is a further difficulty with such a comparison in 
that we are not certain that the color-index of an Ao star belonging 
to the cluster is really zero. 

In the absence of more definite information the value \,= 4260 
was adopted for the reduction, and the linear relation used for 
the transformation of the effective wave-lengths into color-indices 
was accordingly 

163C Hz =A. — 4260. 
Had the value \,=4234 subsequently adopted by Hertzsprung 
been employed, the values of Cy, would have been systematically 
larger by 0.16 mag. than those given in Table II." 


IV. COMPARISON OF RESULTS 

A comparison of the color results found by the two methods is 

shown by the differences Cy—Cuy, in Table II. Although there 

are several large values among them, the corresponding weights 

usually are low. For a final comparison reference may be made 
TABLE III 


MEAN RESULTS FOR GROUPS OF STARS 














MW Ps. Mac. oe Cw ~. Mac 

MW — ee No MW 

CL. REL. Wr. cn REL. WT Srans alain 

Mean Range ' Hz Hz 
> eee I1.69-12.34 | +0.43 186 | +0.02 132 8 +0.32 
eee 12.40-12.92 | +0.35 149 —0.04 93 7 +o. 26 
13.3...-. 13 .03-13.49 | +0.59 149 +0.04 83 7 +0. 32 
ee 13.50-13.96 | +0.78 253 —o.06 97 I2 +0.24 
i eee 14.03-14.49 | +0.60 I12 +0.10 20 7 +0.22 
a a 14.49-14.70 | +0.Q9I1 119 +0.02 II 9 +0. 23 
Bi he cic « 14.72-15.45 | +0.98 eee 7 +0.30 
Means. . 7 a SS rere apes +0. 27 


to Table III which gives mean results for groups of stars. Here the 
agreement is very good, both in the progressive increase of the 


™In a recent letter Professor Hertzsprung writes that \c= 4234 corresponds to a 
color-index whose value is zero with a mean error of the order of 0.05 mag. 
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color-index and in the absolute values; but it should not be over- 
looked that the latter are subject to a small constant error because 
of the uncertainty in the value of Xo. 

The adopted system of weights requires a word of comment 
inasmuch as the two series Wt.c and Wt., which appear in Table II 
originated quite independently of each other and are not necessarily 
directly comparable. An examination of the mean errors corre- 
sponding to unit weight showed, however, that they are very 
nearly on the same system; in calculating the weights of the 
differences Cw—Cy, it was therefore assumed that Wt.c and Wt., 
are strictly homogeneous. 

Of the 57 stars in Table II the value of Wt., is zero for 9 of the 
fainter objects; for one there is no value of },, so that the results 
in Table III are based on 47 stars. Had the value \.=4234 been 
used, the mean difference Cw—Cu, for all the stars would have 
been —o.16 mag. instead of zero as shown in Table III. These 
results, 0.00 and --o. 16 mag., respectively, indicate the uncertainty 
affecting the comparison, and, at the same time, the probable limits 
of the relative errors in the Mount Wilson photographic and photo- 
visual scales between the twelfth and the fifteenth magnitudes. 

The only other scales extending into this region which have 
been connected with the international zero-point defined by the 
stars of the sixth magnitude are those of H.C., No. 170. From the 
known relations which these bear to the Mount Wilson scales it is 
possible to compare at once the results from the effective wave- 
lengths with those which would have been obtained had the Harvard 
magnitudes been used for the calculation of the color-indices. 

For the region of the scale with which we are concerned we have 

MW Pg—HH=-+0. 28 mag. 
MW Pv—H Vis=o.00 


in which HH represents what has been called the Harvard homo- 
geneous scale,’ namely, the photographic scale of H.C., No. 170, 


* Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. For the 
region in question MW Pg—H.C., No. 170=+0.40 mag. The color correction to 
H.C., No. 170, which reduces the results to a uniform system is +0.04 mag. Apply- 
ing this and the zero-point correction of +0.08 mag. we have the foregoing value 


for MW Pg—HH. 
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reduced to a uniform color system and corrected by +0.08 mag. 
to refer it to the international zero-point; the second relation is 
approximate and, strictly speaking, holds only for the twelfth 
magnitude. We therefore find 


Cw—Cu=+t0. 28. 
But from the preceding discussion 
Cw —Cuz=0.00 or —o. 16 


according to the value adopted for A. 

These two equations cannot, however, be combined as they 
stand, for the values of Cy, in the second relation refer to the 
Mount Wilson color system which differs from that of Harvard. 
The necessary modification is that corresponding to the substitution 
of 200 for 163 in the equation on p. 127. Since the mean color- 
index for the 47 stars is 0.66 mag., the values of Cy, on the Harvard 
system will be 0.11 mag. less, on the average, than those found 
above. We therefore find 


Cu—Cyz= —0.17 or —o.33 mag. 


which represents the mean difference in the color-indices derived 
from the effective wave-lengths and from the photographic and 
visual magnitudes of H.C., No. 170. 

In addition to the color results, Table III also shows a com- 
parison of the Mount Wilson photographic magnitudes with those 
found by Hertzsprung. The scale for the latter was established 
with the aid of a grating used in connection with the Potsdam 
80-cm refractor (‘‘Halbgitter”’ 
although there is a constant difference of +0.27 mag.; but this is 
of no significance, as Hertzsprung has determined the zero-point 
of his magnitudes by a comparison with Pleiades stars instead of 
with the Pole. 


method). The agreement is good, 


V. PROBABLE ERRORS 


It is of interest, finally, to compare the two methods of determin- 
ing the color of the stars from the standpoint of precision. The 
average deviation of a single magnitude as found above is +o. 10 
mag. The corresponding probable error for a color-index based 
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upon one photographic and one photo-visual magnitude is therefore 
+o.12 mag., while that for the mean of five such determinations 
is +0.054 mag. This indicates sufficiently the precision with 
which relative values of the color have been determined. In 
estimating the uncertainty of the absolute values of the color- 
indices, allowance must also be made for the zero-point errors. In 
this case their effect upon the color-index is of the order of +0.04 
mag. 

Hertzsprung gives as the mean error of a single effective wave- 
length 26 A, which corresponds to a probable error of about =o.11 
mag. For absolute determinations a zero-point error has also to 
be considered. This includes, first, the uncertainty in the adopted 
value of \, which is used for the reduction of all the plates, and, 
second, a systematic plate error which seems to be of the order of 
10 A." The data relating to the error in A, are not available; but 
since this is an instrumental constant whose value is determined 
once for all, its error can be made negligible by an appropriate 
investigation. In the matter of precision, therefore, there seems 
to be little choice between the two methods. 


SUMMARY 

Star colors may be determined by measuring the mean effective 
wave-length of the light of individual stars or by deriving their 
color-indices. Since the latter depend directly upon the photo- 
graphic and the visual, or photo-visual, magnitudes, a comparison of 
color results found by the two methods affords a control upon the 
relative errors of the magnitude-scales; the fainter the stars the 
more important is the control. 

Such a comparison has been made for 47 stars in N.G.C. 1647. 
The effective wave-lengths used were those by Hertzsprung. The 
color-indices were found by transferring the Mount Wilson photo- 
graphic and photo-visual scales for stars near the Pole to the region 
of the cluster. The mean of the differences between the color- 
indices calculated from the effective wave-lengths and those derived 
from the magnitudes is 

Cw—Cuy,=0.00 or —0.16 mag. 


* Mt. Wilson Contr., No. 100; Astrophysical Journal, 42, 92, 1915. 
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according as 4260 A or 4234A is adopted as the effective wave- 
length of a star whose color-index is zero. 

The comparison includes stars between photographic magni- 
tudes 11.5 and 15. Within this interval the two series of color- 
indices show the same increase in the mean color with increasing 
magnitude. The relative errors of the magnitude-scales seem to 
be within the uncertainty affecting the reductions of the effective 


wave-lengths. 
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